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ABSTRACT
Abstract
The Adaptive Foam Reticulation (AFR) technique, a combination of foam reticula-
tion and freeze casting, has been investigated for producing bone repair bioscaffolds
from hydroxyapatite (HA), titanium (Ti) and titanium-aluminium-vanadium (Ti-
6Al-4V). Scaffolds have a network of macropores of diameter between 94 and 546 μm,
with struts 20 to 118 μm thick. The structure was dependent on the template from
which structures were produced, the number of coats of slurry applied to the tem-
plate and the sintering temperature. The struts contained numerous micropores,
the size of which was increased from 2-5 to 20-30 μm by decreasing the freezing tem-
perature. Whilst the size of individual micropores was independent of the amount
of porogen in the slurry, there was some coalescence at higher percentages.
Scaffolds exhibited porosities of between 76 and 96%, with porosity consistently
decreased by increasing the number of coats from one to five. The mechanical
strength of all samples was determined theoretically by the novel incorporation of a
shape factor conventially used for microporous structures into an existing equation
used to calculate the yield stress of porous structures. In most cases this agreed with
the experimentally obtianed yield stress. With compressive yield stresses of 0.002 to
0.18MPa and 0.002 to 1.8MPa respectively, HA and Ti structures are only suitable
in non-load bearing situations. However Ti-6Al-4V scaffolds had yield stresses of
0.21-13.7MPa, within the range of cancellous bone.
AFR-fabricated HA scaffolds offered greater in-vitro cell viability than a commer-
cially available porous HA disc. Including a porogen offered no improvement in
viability compared to structures fabricated without porogen, except at the highest
inclusion where a statistically significant increase was observed. The weak compres-
sive strength of scaffolds needs improving, and fabrications require in-vivo analyses.
However, AFR could offer a viable alternative to other manufacturing techniques.
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Chapter 1
Introduction to Bone Repair
This chapter provides an overview of why scaffolds aimed at aiding bone repair are
necessary and the challenges behind their design.
1.1 Current Aids to Repair
Grafting is the relocation of healthy tissue to the site of defects unable to repair
themselves. There are three types of bone grafts: autogenous bone graft, where
bone from the same body is used; allogenous bone graft, where bone from the same
species is used; and xenogeneic bone grafts, where bone from similar species, such
as porcine (from pigs) or bovine (from cows), is used [1, 2].
Cancellous bone grafting is the most common type of bone relocation and accounts
for 10% of orthopaedic surgeries [3]. Cortical bone can also be grafted although it
instigates regrowth at a slower rate [2]. The iliac crest, found on the pelvic bone,
is the most popular location for donor tissue as it houses cells with the highest
osteogenic potential. The tibia (lower leg), tarsus (cluster of 7 bones in the upper
foot) and femur (upper leg) are also suitable, with the location of potential donor
sites shown in Figure 1.1.
Autografts are considered the optimal grafting procedure as they have the greatest
osteogenic capacity, inherent biocompatibility and the lowest risk of stimulating an
immune response [1, 2]. However, they are limited by the lack of available tissue,
1
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Figure 1.1: Overview of bones in the leg suitable for donating bone for autologous
grafts are the iliac crest, found on the pelvic bone, the femur in the upper leg, the
tibia in the lower leg and the tarsus in the foot. The remaining lower limb bones
are also labelled [2, 3]
2
CHAPTER 1. INTRODUCTION TO BONE REPAIR
donor site morbidity and the risk of musculoskeletal infections [1–7], which occur in
3% of operations and of which 50% result in death [7]. Finally, the resorption rate
of bone is not completely understood and cannot be predicted. This means that
complete dissolution of the implant is possible before sufficient regrowth occurs.
Allografts are the next best alternative after autografts. However, they have a lower
osteogenic capacity, larger immunogenic responses, stimulate regrowth at a much
slower rate whilst exhibiting greater biodegradation, undergo less revascularisation
and present a much larger risk of transferring infections [4–6]. Additionally, there
is a donor shortage and stored bone must be sterilized, causing a loss in immun-
ogenicity [1]. Xenografts are not considered suitable for bone grafts due to the
acute immune response they initiate, causing the graft to fail [1–3]. However, work
with mammalian extracellular matrix (ECM) to initiate soft tissue regrowth may
generate interest in similar procedures for hard tissues [8, 9].
Grafting operations could be made much cheaper and safer through the implantation
of synthetic scaffolds at the fracture location, Figure 1.2. The field of tissue engin-
eering seeks to develop materials and structures that help guide bone repair, with
current research aimed at improving the anchoring, load distribution, augmentation
and scaffold strength [2, 10].
1.1.1 Bioscaffold Requirements for Reparative Applications
There is a wide range of scaffold requirements which constructs must adhere to in
order to be successful in initiating growth. The scaffold must be constructed of a 3D
interconnected porous network of pore sizes within different ranges. Macropores,
100-900 μm, are required to allow for the movement of cells and other essential
nutrients throughout the structure [2, 5, 6, 12–15]. Micropores, 1-50 μm, should also
be present as they provide attachment sites for the cells [2,16] as well as facilitating
capillary growth [2] and cell development [17–19]. Surface topography has a strong
impact on initial cell morphology, which in turn affects the ability of the cells to
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Figure 1.2: Fractured bone can be replaced by scaffold structures that encourage
bone repair [11]
attach to the surface and proliferate [16,20–22]. The requisite level of topography is
material dependant [17, 19], although in-vitro testing of microgrooved surfaces has
suggested that grooves with widths similar to the size of the cell (approximately
8 μm) and a depth of approximately 10 μm elicited the strongest cell responses [17–
21].
The structure must be biocompatible and must not elicit any adverse inflammatory
response [1, 2, 5, 6]. This is mainly material dependent, as is bioactivity [1, 2, 5],
the property denoting the recruitment of stem cells and other biological agents that
initiate bone growth to the implant site. In many cases bioresorbability, the ability
to be broken down by the body, is also desirable [1, 5, 6]. The rate of bioresorption
needs harmonization with the growth rate of new bone so that the scaffold is only
completely removed as the repair process completes [5,6,23]. Finally, the mechanical
properties of the scaffold must be matched to those of natural bone to ensure the
scaffold is of sufficient strength for regrowth whilst avoiding problems with stress
shielding as discussed in Section 1.2.2.
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1.2 The Biology of Bone
To produce a suitable structure, it is necessary to understand what the final use will
be and the environmental conditions in which it will be used. Thus, knowledge of
the biology of bone is a prerequisite in the design of bone scaffolds.
1.2.1 Structure
Bone has a complex structure that has not yet been fully replicated synthetically.
It is a highly specialized tissue that provides the body with an internal support
network, a reservoir for minerals, protection to internal organs and attachment sites
for muscles [24]. It is a composite consisting of organic and inorganic components,
with the exact composition specific to the location of the bone within the body. The
organic matrix constitutes 20-30% of the total mass and consists of approximately
90% Type I collagen [25,26], with smaller amounts of Types III, V, X, XII and some
non-collagenic proteins necessary for osteoblast differentiation, tissue mineralisation,
cell adhesion and bone remodeling [25–28]. The inorganic components of bone
account for 60-70% of the total mass and are predominantly calcium phosphate
(CaP), with small amounts of potassium, sodium and magnesium; the remaining
10% is water [2, 25,26].
The major factor limiting the complete replication of bone is that it has a hierarchical
structure. This can be broken down into macro (cancellous and cortical bone), micro
(10-500 μm; Haversian systems, osteons, trabeculae), sub-micro (1-10 μm, lamellae),
nano (1 nm-1 μm; fibrillar collagen and embedded mineral), and sub-nano (below
1 nm; mineral, collagen and non-collagenous proteins) regions [2, 24–27, 29, 30] as
shown in Figure 1.3.
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Figure 1.3: Hierarchical structure of bone. There are 5 major scales used, ran-
ging from mm (macrostructure) to smaller than 0.1 nm (sub-nanostructure) in size
(redrawn from [29,31])
There are 2 macroscopic types of bone: cortical and cancellous (or trabecular).
Although they take up similar volume, cortical bone accounts for 80% of the total
mass due to an osteonic construction that provides a compact and orthotropic struc-
ture [31] and generates low porosity and high compressive strength; the Young’s
modulus is 17GPa [32]. Cancellous bone has a high porosity of 50-90% depending
on the location within the body. Although this reduces the strength by up to a
factor of ten, it allows for the even distribution of loads and the flow of oxygen,
cells and other nutrients throughout the structure [2, 3, 25, 32, 33]. It is constructed
of a 3D, interconnected network of trabeculae that give it anisotropic mechanical
behaviour [31].
The microstructure consists of osteons and Haversian systems in cortical bone [24–
26, 29], and trabeculae in cancellous bone [25, 29]. Groups of osteons are clustered
around a central Haversian canal. An osteon is made up of concentric lamellae
around a central canal, the osteonic canal, forming a cylinder 200-250 μm in diameter
that runs parallel to the long axis of bone [25,26].
At the sub-microstructure, there are different arrangements of lamellae depending
on the bone type: parallel fibre, as found in parallel fibre bone; woven, as in woven
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bone; lamellar array, as in lamellar bone; and radial as in dentin [25, 26, 28]. The
most common array in load bearing and impact resistant bones is lamellar. This
consists of neighbouring fibrils that rotate about a central canal with a bimodal
distribution of angles, progressively rotating sub-layers by 30 °, with the sub-layer
thickness and orientation being location specific [24–26,28].
The nanostructure is made up of mineralised collagen fibrils called lamellae. Colla-
gen fibres are organized into parallel arrays, with plate-shaped carbonated apatite
crystals between fibres. This allows the limited growth of discrete and continuous
crystals. Osteoblasts secrete type I collagen molecules that self-assemble into fibrils
with 67 nm periodicity and 40 nm gaps forming a matrix that acts as a reservoir for
calcium and phosphate ions [24,25,28].
This highly complex architecture is difficult to replicate in its entirety. However
for bone replacement constructs, it is important to attempt to mimic this structure
and hence ensure that the different roles of each hierarchical level is minimally
compromised during regrowth. Furthermore, bone is more likely to grow successfully
on scaffolds that provide it with a more natural environment.
1.2.2 Remodeling and Repair
Bone repair is a multi-stage process starting with the formation of a soft fracture
callus immediately after the break that welds bone fragments together. This is then
replaced by pockets of lamellar bone, before remodeling occurs to leave the bone
fully functional [34]. remodeling is an important, continuously occurring mechanism
whereby small pockets of bone are replaced [35, 36]. Although bone that has been
damaged is preferentially targeted, healthy bone is also remodeled so that 3-5% of
the total bone is always being remodeled [37]. Teams of osteoclasts and osteoblasts
known as basic multicellular units (BMUs) remodel over a period of 120 days [37,38].
Osteoclastic resorption removes cylinders of old bone into which osteoblasts deposit
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a layer of non-mineralised extracellular matrix which is mineralised to integrate into
existing bone [37,38], Figure 1.4.
Figure 1.4: Bone undergoes remodeling, whereby a small, plate-shaped mass under-
goes osteoclastic resorption (i-ii), osteoblastic synthesis (ii-iii) and integration with
existing bone (iii-iv) [11]
Mechanosensitivity is the characteristic causing the mass architecture to be re-
modeled in response to mechanical loading [34, 39–41]. The response of bone to
strains placed upon it is shown in Figure 1.5. Based on Wolff’s Law, the Utah
Paradigm and Mechanostat hypothesis [39, 41, 42] state that if the strain a bone
experiences is below a certain level, less bone is produced than is required leading
to a weakened structure; conversely if the strain is too great, then excess bone is
produced and stress shielding occurs. This is the phenomenon whereby regions of
high strength absorb more stress than surrounding regions, thus this surrounding
bone regenerates under the assumption that it needs to be weaker than it should
and hence less bone is produced than necessary.
The different levels of bone growth can be explained in terms of the level of mi-
crostrain (με)(ε× 10−6) it experiences. Briefly, between 1500-2500 με is the adapted
8
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Figure 1.5: Strain affects the remodeling of bone. In the adaptive window (AW),
mechanically controlled modelling (MESm) causes no net change in bone strength;
below the lower remodeling threshold (MESr), bone is in the disuse window (DW)
and experiences a loss in mass; between the upper limit of the AW and the opera-
tional fatigue microdamage threshold (MESp) it is within the mild overload window
(MOW) where any damage is reversible; above this, up to fracture (Fx) is the
pathological overload window (POW) within which bone sustains permanent dam-
age (redrawn from [31])
window (AW) and mechanically controlled modeling (MESm) causes no net change
in bone strength. If the strain is below the lower remodeling threshold range (MESr)
of 100-300 με, it is in the disuse window (DW) and more bone is removed than is
produced, decreasing the bone mass and strength. Above the AW, and up to the
operational fatigue microdamage threshold (MESp) of 3000 με is the mild overload
window (MOW), within which bone is remodeled with no lasting damage. Above
this, up to fracture (Fx) at 25000 με, the bone is within the pathological overload
window (POW) and sustains permanent, irreversible damage [31,34,39,41,42].
This emphasizes the importance of ensuring the mechanical properties of the scaffold
are matched to those of bone, given in Table 1.1 for a human femur. If the scaffold
is too weak, it may fail leading to costly and difficult corrections being required; if
it is too strong, stress shielding will cause implant loosening [3, 38].
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Table 1.1: Average mechanical properties of human femur [32,33,43]
Mechanical Property Value
Elastic modulus (transverse/radial) (GPa) 11.9
Elastic modulus (longitudinal) (GPa) 15.8
Shear Modulus (GPa) 3.3
Ultimate tensile strength (longitudinal) (MPa) 133
Ultimate tensile strength (transverse) (MPa)
51
Ultimate compressive strength (longitudinal)
(MPa)
195
Ultimate compressive strength (transverse)
(MPa)
133
1.3 Summary
Bone is one of the more commonly grafted physiological substances, with autograft-
ing still the most popular technique in instances where bone requires a reparative
aid. However this is associated with a multitude of issues such as the lack of available
tissue or the risk of infection, and as such bone scaffolding is seen as a potentially
viable alternative. There are many requirements that such bioscaffolds must adhere
to in order to be successful. Furthermore, the hierarchical nature of bone and its
inherent capabilities must also be fully understood to enable the design and man-
ufacture of a suitable replacement. One potential method of varying the scaffold
properties such that they meet the requirements is through the use of materials
with appropriate characteristics. Thus the currently used and potential materials
are outlined in the following chapter.
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Chapter 2
Bone Repair Biomaterials
A wide range of materials can be used as bioscaffolds, with inert metals such as
titanium and stainless steel traditionally the most popular clinically, although bio-
active ceramics such as apatites and Bioglass®, and polymers such as poly-lactide
and poly-glycolide have undergone significant research and are beginning to be used
surgically. At present, research aims to overcome the limitations of currently used
materials and enhance their biological response. Although many more materials
than those discussed here are used, for brevity only those relevant to this work are
included.
2.1 Metals
Due to their suitable mechanical properties, metals have traditionally been used for
bone repair components in a variety of situations. Conventionally, solid components
are used even though they have a high stiffness exceeding that of bone. All metals
used clinically are corrosion resistant, biocompatible, chemically stable and readily
formable into components [3, 44–46]. Stainless steel and cobalt-chromium (Co-Cr)
alloys were more prevalent in orthopaedic surgeries [45–51], however there has been
a recent trend towards transition metals such as titanium (Ti), tantalum (Ta) and
zirconium (Zr) [3]. Porous metallic scaffolds with reduced strength compared to
monolithic constructs can be produced and used as the reinforcement in polymer-
metal composites. These have increased bioactivity and more suitable mechanical
properties than bulk products [3, 52–54].
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2.1.1 Traditionally Used Metals
Stainless steels are the most popular material for use in orthopaedic situations due to
low costs, high processability and the ability to optimise the mechanical properties
[3, 44, 55–58]. However, localised corrosion can occur resulting in some of the ions
(carbon (C), manganese (Mn), Cr, nickel (Ni), molybdenum (Mo), sulphur (S),
silicon (Si), phosphorous (P) [44]) being leached into the body, any of which are
toxic at elevated levels [44, 55–63]. As yet any attempt to prevent such corrosion
has not yielded an optimal solution causing this issue to still be a clinical concern
[55–59,62,63]. Co-Cr alloys are also used due to good wear and corrosion resistances
and high fatigue strength. As with stainless steel, there is also the potential for toxic
ion leakage from Co-Cr alloys, particularly regarding particulate Co and Ni [3,44,58].
Thus there has been research into and commercialisation of the use of other metals,
with transition metals and their alloys exhibiting encouraging results, as discussed
below in Sections 2.1.2 - 2.1.5.
2.1.2 Titanium and Titanium-Based Alloys
Titanium is widely used in orthopaedic medical situations for fixation elements and
total hip replacements. It has good biocompatibility, corrosion resistance and fa-
tigue strength, coupled with a low modulus and density, although it also has low
wear resistance and shear strength [3,44,64]. Commercially pure titanium (CP-Ti)
is available in 4 grades depending on the levels of iron and oxygen. Of the many
alloys, titanium-aluminium-vanadium (Ti-6Al-4V) is the most popular for medical
applications due to enhanced biocompatibility and corrosion resistance, and a mod-
ulus more closely matched to that of bone [3,44], with titanium-aluminium-niobium
(Ti-6Al-7Nb) and titanium-aluminium-iron (Ti-5Al-2.5Fe) also suitable. Introdu-
cing porosity to CP-Ti and Ti-6Al-4V structures has led to mechanical properties
even more suited to bone reparation [49–54,65–68].
12
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2.1.3 Zirconium
Zirconium is used in knee arthroplasty components due to its biocompatibility and
high strength. Post production, it is commonly subjected to surface oxidation by
heating to 600-700K and passing oxygen over it to increase its abrasion resistance,
strength and toughness [3,69,70]. The mechanical properties can also be increased by
manufacturing components with ultrafine Zr grains [71]. It forms a stable interface
with bone [3], and Uchida et al [72] enhanced bioactivity by subjecting structures
to surface sodium hydroxide (NaOH) treatment.
2.1.4 Tantalum
Tantalum is also suitable for use as a bone repair biomaterial due to its biocompat-
ibility, corrosion resistance, high density and coefficient of friction, and mechanical
similarity to bone [73–81]. It has a highly stable interface with bone that encourages
new growth via the formation of a passive oxide layer [82], tantalum oxide (Ta2O5),
especially after NaOH pre-treatment [78]. There is currently a lack of long term
studies evaluating the stability of scaffolds which is important due to the unknown
biocompatibility of tantalum particles [77]. Ta nanoparticles are biocompatible, yet
at present only used for imaging purposes due to their high cost and density [83].
A commercially available porous tantalum for clinical use, Trabecular MetalTM
(Zimmer, USA) is produced via a 2-stage process, where polyurethane foams are
pyrolised to carbon skeletons onto which tantalum is deposited using chemical va-
pour deposition and infiltration techniques [73–75,78,79]. Thus scaffolds with a fully
interconnected porosity of 75-80% and a mean pore size of 430 μm which encourages
in-growth are realised [73,75].
13
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2.1.5 Magnesium and Magnesium-Based Alloys
Magnesium (Mg) has potential use as a biomaterial as it is non-toxic and stimulates
bone regrowth, and has a lower yield strength and Young’s modulus than most other
metals [84, 85]. However early testing showed it to degrade quickly in physiological
conditions and hence stainless steel attracted more interest for clinical situations
[84–87]. This rapid degradation also causes the release of hydrogen gas that can
become trapped and require surgical removal, although the other by-products are
biocompatible [84,86,88].
To increase the corrosion resistance, enhance the mechanical properties or control
the degradation rate, magnesium is used as an alloy [84, 86, 88], with aluminium,
zinc [86,88] and rare earth metals [84,86,88] presently incorporated. However further
investigations into the different alloys are needed as the biodegradation properties
are not fully understood [86,89–91].
2.2 Ceramics
Due to their biocompatibility and good compressive strength, ceramics are suitable
for a range of tissue engineering purposes. The main drawback with using ceramics
is that they are highly brittle, a characteristic exacerbated by processing difficulties
leaving constructs susceptible to cracks and notches [3, 44, 92–94]. Bioceramics fall
into three categories: inert (non-resorbable), semi-inert (bioactive) or bioresorbable
[94], as shown in Figure 2.1.
2.2.1 Bioinert Ceramics
Bioinert ceramics are used in similar circumstances to metallic implants as they
have high hardness, excellent wear resistance, low friction and elicit no adverse
immune response [3, 92, 94]. The most commonly used bioinert ceramics are oxides
14
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Figure 2.1: Classification of Bioceramics. They can be broken down into 3 types,
with examples given for each (redrawn from [95])
of transition metals such as alumina, titania and zirconia, which are formed upon the
reaction of the metal with oxygen. Incorporating porosity can generate semi-inert
structures, with new growth at the implant-tissue interface [44,92].
Aluminium oxide, alumina (Al2O3), is a very hard polycrystalline material which
has low friction characteristics, high wear resistance and good biocompatibility [96].
It has a very high bulk compressive strength (2069-3861MPa, depending on grain
size, distribution and intrinsic porosity [92]), although this has been reduced by
incorporating porosity using a range of techniques [97–107], discussed further in
Chapter 3. Furthermore, it is brittle in tension or flexure, requiring reinforcement
via the use of polymeric [108] or composite [109] coatings. To initiate bone growth,
naturally occurring ions can be incorporated, as can micro and nanoporosity [100,
101] or surface functionalization with organic products [108]. However, Andreiotelli
et al [110] reported the long term (up to 10 year) survival rate of alumina implants to
be lower than that of titanium implants, and that other ceramics, such as zirconia,
may offer a more suitable alternative.
Zirconium oxide or zirconia (ZrO2) has high mechanical strength and toughness
[110–113], and good biocompatibility and chemical stability [110, 111, 114]. Osteo-
blasts have been grown directly onto zirconia surfaces [110, 112, 113] with porosity
enhancing its properties with respect to biomedical applicationss [115–119]. The
main concerns lie with the long term performance and cytotoxicity of zirconia
powders [120]. Another consideration is that zirconia undergoes a phase change
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at 1197 °C (monoclinic to tetragonal), a temperature regularly reached during pro-
cessing, that can induce intrinsic stresses [111,114,119] due to the associated volume
changes [121]. Whilst this can be used to toughen the structure, in a process known
as transformation toughening [122,123], it can also cause imperfections in the struc-
ture that cause weakened mechanical properties. Metallic oxides can be used to
stabilize cubic or tetragonal zirconia as partially-stabilized-zirconia (PSZ), which
has enhanced flexural strength and fracture toughness [3,114,119]. Although oxides
of calcium (Ca) [111], magnesium [92] or cerium [124] can be used, the most common
stabilizer is yttria (yttrium oxide, Y2O3) as it generates lower amounts of intrinsic
porosity and smaller grain sizes [124]. Not only should small amounts of yttria be
incorporated as it is radioactive [3,92], but only concentrations below 3.5mol.% are
required to maintain the fracture strength of PSZ [92].
The biocompatibility of titanium is due to the formation of an oxide layer, titania
(TiO2), on its surface [125–128], which forms by an ionic exchange close to the
surface of the implant. Therefore titania should be a suitable biomaterial. It is
biocompatible [129], and has good mechanical, structural and chemical proper-
ties [127, 130]. It is available in three phases: rutile, which is the most stable in
a physiological environment [126,131,132]; anatase, which elicits the strongest bod-
ily reactions [131]; and brookite. The bioactivity is similar to that of titanium [128],
with tissue bonding directly to implants [125, 133, 134]. This can be enhanced
through coatings [126, 128, 130, 135–137], the inclusion of bioactive ions [138], nan-
otubular production [139,140] or variations to the hydroxide (OH) groups [141,142].
Furthermore, porous scaffolds are easily obtainable using such techniques as outlined
in Chapter 3 [131,135,142–144], with microporous surfaces of particular research in-
terest [136,142].
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2.2.2 Bioactive Ceramics
2.2.2.1 Calcium Phosphate
The many variants of calcium phosphate make up a bioactive family known as
apatites. There are 8 main variations, Table 2.1, with hydroxyapatite (HA; Ca/P:
1.67) and tricalcium phosphate (TCP; Ca/P: 1.5) the most commonly investigated
due to the crystallographic and chemical similarities to the mineral phase of bone
[95]. Ionic exchange between the implant and surrounding bodily fluids generates
bone growth [3, 44,94,95,145].
Table 2.1: Main apatites used in biological applications (adapted from [3,94,146])
Name Chemical Formula Ca:P ratio
Monocalcium phosphate monohydrate
(MCPM) Ca(H2PO4)2 H2O 0.5
Monocalcium phosphate anhydrous
(MCPA) Ca(H2PO4)2 0.5
Dicalcium phosphate dihydrate
(Brushite)
(DCPD)
CaHPO4  2H2O 1
Dicalcium phosphate anhydrous
(Monetite)
(DCPA)
CaHPO4 1
Octacalcium phosphate
(OCP)
Ca8(HPO4)2(PO4)4 
5H2O
1.33
Tricalcium phosphate
(TCP) Ca3(PO4)2 1.5
Hydroxyapatite
(HA) Ca10(PO4)6(OH)2 1.67
Tetracalcium phosphate monoxide
(Hilgenstockite) (TCPM) Ca4(PO4)2O 2
HA resorbs slowly and encourages significant in-growth [94]. It has a Young’s mod-
ulus of 80-110GPa [3] which can be reduced using porosity. TCP resorbs more
rapidly and is used as bone filler as total resorption can occur before complete re-
growth [44, 92]. Biphasic combinations of TCP and HA with tailored resorption
rates can also be used [3, 95].
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Calcium phosphates can be combined with inorganic salts and injected as a gel to
the fracture site where it cures [3, 95, 145, 147–150]. Although the biocompatibility,
bioactivity and osteoconductivity are retained, there may be problems with the
safety, mechanical toughness and curing time. Nevertheless, commercialisation of
such biocements has been undertaken [44,147,148].
2.2.3 Glass and Glass Ceramics
The discovery of bone bonding by Hench et al [151] has led to the use of glasses
and glass ceramics for bone regenerative applications. Of these silicon oxide based
systems, Bioglass 45S5® has the optimal composition (42.1% SiO2, 28% CaO, 26.3%
Na2O, 2.6% P2O5 [92] [92]) to instigate growth. Glass particles of 0.1-1 μm are
formed via the nucleation and growth of uniform crystals through melt or sol-gel
methods. Although melt techniques have been used to produce glasses for a range
of applications, sol-gel techniques can produce scaffolds with a range of porosities
and surface properties, or with biological agents [3, 95] and are discussed further in
Section 3.1.7. As with all glasses, they are brittle and it is difficult to apply them,
for example as coatings, to other materials [3,44,94,95] due to mismatched thermal
coefficients [92, 152], minimal chemical bonding [92] and chemical variations to the
glass during sintering [92,153],
2.3 Polymers
Although most polymers used in tissue engineering are suited to soft tissue regener-
ation, there are some that stimulate hard tissue regrowth. Polymers are long chain
molecules, with covalent bonds along backbone chains that are linked by van-der-
Waals forces or crosslinks. They are easy to manufacture, relatively cheap and the
different types give rise to a diverse range of mechano-physical properties, depending
on the degree of polymerisation of each chain [44].
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Table 2.2 outlines the most commonly used biodegradable polymers, with poly-
lactic acid (PLA), poly-glycolic acid (PGA), their copolymer poly-lactic-co-glycolic
acid (PLGA) and polycaprolactone (PCL) the most important for orthopaedic ap-
plications. PGA degrades to glycolic acid and has excellent mechanical properties,
although a short degradation time [154–164]; PLA degrades to lactic acid and has
a longer degradation time, yet is not as mechanically similar to bone [157,163–175].
PLGA degrades to a combination of lactic and glycolic acids, and can be tailored
to provide suitable mechanical and degradation properties [176–185]. By modeling
the degradation properties, the degradation rates of such copolymers can be optim-
ized [5,6,92,93,186–188]. PCL degrades at an appropriate rate for regrowth, however
it is weak and thus must be strengthened via co-polymerisation, incorporation in
composites or resynthesizing [189–204].
In general, polymeric materials alone are not suitable for use as bone regenerative
bioscaffolds due to their weak mechanical properties, however they can be used as
coatings to enhance the bioactivity of scaffolds. Hence, porous polymeric scaffolds
will not be produced in this work however their use as coatings will be considered.
2.4 Composites
A composite material has two or more constituent materials and/or phases when
evaluated at a scale larger than atomic, allowing for control over the material prop-
erties. Bone is one of Nature’s composites, and hence scaffolds made from composite
materials could more closely mimic the properties of bone [3,92,145]. Further to the
general scaffold requirements, all components of biocomposites must be biocompat-
ible and the interface between them must not be weakened by the bodily environ-
ment [7, 44,220].
Polymer-matrix composites (PMCs) are the most common biocomposites and con-
sist of a ceramic construct within a polymer matrix [7, 44, 220]. They benefit from
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the toughness of the polymer and the strength of the ceramic whilst incorporating
bioresorbable polymers can aid bioactivity [3, 5, 7, 93]. Organic-inorganic hybrids
can be formed using sol-gel techniques. One particularly exciting type of these are
star gels, which have an organic core surrounded by flexible arms to enhance their
mechano-physical properties [95, 145]. They are homogenous, have better mechan-
ical properties than conventional glasses that are more closely matched to those of
bone [95] and apatitic phases can grow on their surface [145],
Composite production is specific to the materials used. Although the methodology
used in this work will not be specifically aimed at producing composite bioscaffolds,
it may be suitable to incorporate polymeric coatings.
2.5 Summary
There is a wide range of materials that can be used to produce scaffolds suited to
bone repair. Metallic scaffolds are the most prevalent clinically, with stainless steel
and Co-Cr alloys being replaced by transition metals such as titanium, tantalam and
zirconium, and their alloys, to overcome the issues with toxic ion leakage. Ceramics
can be broken down into three groups: inert, semi-inert or resorbable. Inert ceramics
are mainly based on oxides of transition metals and do not elicit any bodily reactions;
semi-inert ceramics encourage bone growth at the implant-tissue interface and are
CaP or glass based; and resorbable ceramics undergo resorption and instigate tissue
regeneration. Although there are some polymers suited to bone regeneration, the
majority are produced as soft tissue scaffolds due to the weak mechanical properties
they have. Bone scaffolds can also be produced from composites with PMCs the
most common. The wide range of matrices and cores that can be used enable
enhanced performances over single phase structures. Whilst each material can be
used to produce bone reparative structures, the generation of porosity is important in
ensuring the complete cellular infiltration. Thus, the following chapter investigates
the different techniques used to manufacture bioscaffolds.
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Chapter 3
Scaffold Manufacturing
Techniques
There are many techniques that can be used to produce porous scaffolds. These
can be broken down into two major sets: conventional techniques and additive
layer manufacturing (ALM). The most popular methods within each are outlined
(Sections 3.1 and 3.2) and analysed (Section 3.3) to determine the optimal technique
for use in this project.
3.1 Conventional Manufacturing Techniques
Conventional techniques use the reaction of materials to certain conditions such as
heat or pressure to generate porous structures and are currently more prevalent
than ALM due to the lower costs involved. Depending on the technique used, a
wide range of porosities, pore sizes and strengths can be achieved.
3.1.1 Dry Methods
Dry methods are the simplest manufacturing technique used to generate porous
structures and involve compressing powdered biomaterials with the pressure varied
to make changes to the porosity [2, 93]. However scaffolds produced in this way
are limited to simple geometries with little porosity [221], and the problems with
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weak mechanical properties [222] and polymer springback, where structures expand
after compression in an unpredictable manner, [223] have led to the exploration
of hot isostatic pressing (HIP) and uni-axial hot pressing (HP). Such techniques
involve sintering the sample under pressure to improve the strength and hardness
[224, 225] by enhancing interparticular bridging whilst preventing the formation of
nonhomogenous ceramics [224]. Highly porous constructs can only be obtained if
porosity is incorporated before sintering with the highly pressurized gas preventing
collapse of the pores [226]. For example, Zhao et al [224] implemented HIP as
a second sintering step for bioscaffolds produced by foam reticulation (detailed in
Section 3.1.5) to significantly improve the compressive strength.
For metallic implants, the production of scaffold using dry powders under compres-
sion is known as powder metallurgy (PM) or the space holder method [50,227–231],
which involves the incorporation of porogens. A porogen is any material included
sacrificially such that the subsequent removal generates porosity.
3.1.2 Slip Casting
Most other production methods involve producing a slurry by mixing the powdered
biomaterial with a liquid, a dispersant and a binder. Slip casting is the simplest of
these whereby the slurry is poured into a porous mould, which is removed before
sintering [7]. A hierarchical structure can be produced by including porogens into
the slurry. The incorporation of porogens, for example polymethyl methacrylate
(PMMA) beads [223], has led to the development of solvent casting/particulate
leaching as outlined below in Section 3.1.3. However, slip casting is a highly wasteful
procedure as the mould is generally discarded after use [7, 223, 232], and as such
research is aimed at using the slurry in other ways such as those discussed in Sections
3.1.3 - 3.1.5 and 3.2.3.
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3.1.3 Solvent Casting/Particulate Leaching
Solvent casting is one of the more popular techniques whereby pores are generated
via the inclusion of porogens. For ceramic based biomaterials, a porogen-containing
biomaterial slurry is produced and is cast into a mould which can be either porous or
non porous. Once dry, the green body is removed from the mould and subjected to a
controlled heating protocol during which removal of the porogen generates porosity
and sintering ensures suitable densification.
It is a highly versatile technique and has been used to produce polymeric [2, 233],
ceramic [12, 99, 105, 234–237] and metallic [46, 47, 50, 227–231] bioscaffolds. The
level of porosity is controlled by the amount of porogen in the slurry, whilst the
pore size is controlled by the size of the porogen.. The wide range of porogens
include salt (NaCl) [2, 233], waxy hydrocarbons [233], organic particles [2], paraffin
[12, 50, 237], napthalene [12, 227], starch [12, 105], flour [12], synthetic polymers
[12,50,99,234], hydrogen peroxide [12] and sucrose [235,236], enabling variability and
controllability over the final structure. The only constraint with the porogen is that
it must either be biocompatible, or the complete removal must be ensured to avoid
any issues with cytotoxicity. As such, it is only possible to produce thin (<3mm)
scaffolds, with relatively poor mechanical properties [2, 12, 233–240]. Shastri et
al [241] overcame this by vacuum drying samples, however the drying procedure
took several days. Finally, due to differences in the surface roughness of constructs
depending on whether the surface is exposed to air or on the surface of the mould
during leaching, the Mikos research group [233, 242, 243] have developed a method
incorporating compression moulding to enable the production of structures with
uniform surfaces. However this is only suitable for polymeric biomaterials.
3.1.4 Phase Separation/Freeze Casting
Upon the freezing of a liquid, it forms solid dendrites [244, 245]. Using a closely
controlled combination of heat and pressure the liquid phase can then be bypassed,
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and the solid ice sublimed directly to vapour. Freeze casting consists of three main
steps, shown in Figure 3.1: these are freezing, primary drying and secondary drying
[246–249]. When a slurry is frozen, freezing of the liquid components generates
dendritic ice crystal growth [49,106,245,250–259]. Freezing rates and temperatures
are important in controlling the size and nature of the dendrites, and close control
over these allows for some controllability over the final structure [250, 256–261].
Many commercial and laboratory driers are limited by the minimum temperatures
obtainable generally being approximately -67 °C, although lower temperatures can
be achieved.
Figure 3.1: Simplified freeze-drying cycle chart using water as the porogen. There
are three steps: freezing, primary drying and secondary drying leading to a porous
structure (redrawn from [262])
Removal of the ice crystals generates the porosity in freeze cast scaffolds. Primary
drying, or sublimation, is the process whereby ice is converted directly to vapour
without melting, generating pores of the size and shape of the dendrites. The basic
states of matter and their transformation are dependent on the temperature and
pressure of the system within which they lie, as shown in phase diagrams such as
Figure 3.2 for water. Sublimation is achieved by holding the product below the
eutectic temperature of the ice and using controlled vacuum conditions to remove
the vapour [256–258, 260]. Some heat input is required to maintain a constant
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Figure 3.2: Phase diagram for water. The three basic states of matter, solid, liquid
or gas, are dependent on the temperature and pressure (redrawn from [263])
temperature as sublimation cooling occurs which can affect the process, however
too much heat can lead to the sample collapsing [250, 253, 257–260]. Secondary
drying occurs when the only water that remains is that which is bound to other
particles within the structure. This is particularly important in the case of drying
substances used, for example, in long-life foodstuffs. It is a continuation of primary
drying with reduced pressure and a raised temperature [246–249].
Production of freeze cast bioscaffolds involves the production of a porogen-containing
biomaterial slurry which is frozen, dried and finally sintered, with the procedure out-
lined in Figure 3.3. Variations to the slurry concentration, freezing temperature and
sublimation pressure can be readily achieved and enable variations to the final struc-
ture [2,250,253,254,264,265]. HA structures predominantly have relatively limited
porosity [250, 254, 260, 264] with mechanical strengths similar to that of cancellous
bone (12MPa at 52% [250] to 36.4MPa at 31% [254]). However, Macchetta et
al [254] have produced scaffolds with 72% porosity, albeit with a low yield stress
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of 2.3MPa. Alternatively, Deville et al [260] have produced constructs with zones
of different levels of porosity, ranging from dense, through cellular to lamellar de-
pending on the proximity of the slurry to the cold surface during freezing, thus
generating high mechanical properties of up to 65MPa and 145MPa at 56 and 47%
porosity respectively, within the range seen in cortical bone (131MPa [1]). Finally,
combinations of different porogens can generate multi-scale porosity for improved
biological responses [5,23]. In particular, Fu et al [264] combined dioxane and water
to enhance the response of osteoblastic cells in-vitro compared to those produced
with just water.
Figure 3.3: Outline of the stages of freeze casting technique used to produce scaffolds.
A slurry is formed using the biomaterial and the slurry is freeze cast and dried before
sintering the resultant green body
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3.1.5 Replication Techniques
There are many natural and synthetic porous structures that have a range of porosi-
ties and pore sizes and from which it is possible to develop structures suited for tissue
engineering applications. Foam reticulation aims to utilize such porous constructs
as a template from which a scaffold is based [12, 266–275]. Briefly, the biomaterial
is mixed into a slurry which is then coated onto the template. Once the slurry
has dried, the sample is sintered using a protocol that also enables pyrolysis of the
template [65,230,273–277], with the technique outlined in Figure 3.4.
Figure 3.4: Outline of the stages of replication technique used to produce scaffolds.
A slurry is produced that is coated onto a sacrificial foam, which is burnt out to
leave a green body which is sintered
Material choice, of both the template and biomaterial, is important in producing
suitable structures. The biomaterial must have a sufficiently high melting tem-
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perature such that, upon template sublimation, the structure is not compromised.
Meanwhile, the template must have a suitable melting temperature such that the
structure has sufficiently consolidated before the onset of pyrolysis to maintain its
shape. Furthermore, slurry characteristics are important, and the optimal compo-
nents and rheology must be predetermined before scaffold fabrication [232].
The main limitation with the technique is the oxymoronic relationship between
template strength and porosity; scaffolds with a higher level of porosity have an
enhanced biological performance however they also have significantly compromised
mechanical properties [273, 277]. Furthermore, the poor mechanical properties of
scaffolds are exacerbated during removal of the template, when microcracks can be
introduced into the construct [270, 274]. Increasing the number of coatings of the
slurry on the template increases the strength of the component, but reduces the pore
size [65,267,278,279]. Therefore a trade-off must be made to maximize strength and
create pores of a suitable size. Sample strength can also be improved by increasing
the sintering temperature as this causes increased densification [280]. However, this
enhances shrinkage which must be considered for the production of appropriately
sized pores. Finally, Cunningham et al have improved the strength of constructs
[273,277] by varying the template, whist Jo et al [276] have added directionality by
elongating the template prior to coating, such that the final structure more closely
mimics that of natural bone.
Chang et al [15] have shown that foam reticulated HA scaffolds with open porosity
of 100-500 μm encourage the formation of Haversian canals and facilitate remodeling
in vivo. To further improve the biological activity, Mallick and Winnett [267,278], in
previous work, and Lee et al [268,281] have separately introduced porogens into the
precursor slurry to create structures with macro and microporosities, which has led
to the development of the Adaptive Foam Reticulation (AFR) technique, discussed
further in Section 3.1.5.1.
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3.1.5.1 Adaptive Foam Reticulation
The limitations of the foam reticulation technique, described in Section 3.1.5, need
to be overcome to enable its widespread use in producing bioscaffolds. One possible
way to achieve this is to generate microporous struts that enhance the biologi-
cal performance and hence significantly increase the regrowth rate of host tissue
by providing cell attachment sites [2, 16]. Microporosity can be achieved by the
incorporation of a porogen within the slurry as in solvent casting/particulate leach-
ing [235,236,239] or freeze casting [256,257]. The porogen is removed either during
freeze drying or at the polymer burnout stage to leave a macroporous structure
of microporous struts. The technique, outlined in Figure 3.5, follows that of foam
reticulation with a freeze drying stage to generate micropores. Briefly, a template is
coated with a porogen-containing biomaterial slurry. This is freeze dried to sublime
the porogen, and the structure is then subjected to a controlled sintering protocol
to enable complete polymer burnout and densification of the scaffold [267,278].
As with freeze casting, control of the freeze drying parameters allows for the level
of microporosity and micropore size to be varied [250, 253, 259, 260]. Meanwhile,
template choice in replication techniques facilitates the production of a controllable
macroporous structure [273, 276, 277]. Therefore combining these facilitates the
generation of constructs of a predictable, hierarchical nature [267,278].
3.1.6 Gelcasting
Gelcasting involves the foaming and direct consolidation into a gel of an aqueous
solution consisting of a monomer, cross-linker, free radical initiator and catalyst.
The gel is then cast into an appropriate mould and polymerised to form a water-
polymer gel in which biomaterial particles are immobilised in the shape of the mould.
Whilst still wet, the gelled part is removed from the mould and dried under con-
trolled conditions to leave a mechanically stable green body [187,282–287], with the
technique outlined in Figure 3.6.
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Figure 3.5: Outline of the AFR technique used to produce bioscaffolds. A polymeric
template is coated with a slurry, freeze dried and subjected to a controlled sintering
protocol
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Figure 3.6: Outline of the stages of gelcasting technique used to produce scaffolds.
An aqueous solution is consolidated into a gel, which is cast into a mould before
drying and sintering
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Of particular importance is the gelation speed, which must be fast enough that the
foam does not collapse, yet not so fast as to inhibit complete penetration of the
mould [7, 283, 288]. The physical properties of the green body can be affected by
microcracks and inner stresses generated during gelation and drying [285,286,289],
or by surface exfoliation, whereby free-radical polymerization is inhibited by oxygen
in the natural atmosphere. This is a particular problem for acrylamide monomer
systems [287, 290] and leads to powdery surfaces, although Ha [290] reported that
surface exfoliation can be overcome by the use of oxygen free atmospheres. Fur-
thermore, traditional components of the solution are toxic and thus gel system
selection is important to ensure a biocompatible product [287] with research cur-
rently aimed at low toxicity (methylacrylamide [284, 287, 291]) or non-toxic (such
as 2-hydroxyethyl methacrylate [292], agarose [288] or sodium alginate [289]) [287]
systems.
3.1.7 Sol-Gel Techniques
Sol-gel techniques have been developed with the aim of producing structures with in-
creased homogeneity, higher purity and at lower temperatures than with traditional
techniques [293]. Sol-gel techniques revolve around the inorganic polymerization of
a solvent [294,295] to generate a gel, which is then cast and reduced to form stable
scaffolds using controlled thermal processes [293, 296–299]. There are three main
approaches, namely the gelation of colloidal powders, the hydrolysis and polycon-
densation of nitrate precursors with hypercritical drying of the gel, or the hydrolysis
and polycondensation of alkoxide precursors with aging and drying under ambient
conditions. In all cases, the precursor materials are mixed together to form a low
viscosity liquid and cast into a mould. The colloidal particles and silica species link
together in a process known as gelation to form a gel which is then aged. The struc-
ture is then dried under careful conditions to stop the formation of large capillary
stresses before dehydration, and densification [125, 133, 293, 298, 300–302], with the
technique outlined in Figure 3.7.
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Figure 3.7: Outline of the stages of sol-gel technique used to produce scaffolds.
Polymerization of a solvent via hydrolysis and polycondensation leads to a gel,
which is made into a stable scaffold through thermal processes
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Sol-gel technology is particularly useful in the production of glass structures (using
silica based precursors [125, 293, 299, 303–305]) although it can be used to produce
structures from a variety of materials based on inorganic metal salts or metal organic
compounds, such as metal alkoxides [M(OR)n], where M is the network forming
element (such as Ti, Zr, Al) and R is an alkyl group [72,119,125,133,141,298,300,302,
306]. Although generally used to produce bulk structures wih nanoporosity [141],
macroporosity can be incorporated by foaming of the sol [295,305], the inclusion of
pore forming agents [295,306], by coating sacrificial structures with the sol [119,295]
or by sintering together sol-gel derived microspheres [307].
One of the major advantages is that it allows sol-derived materials to be dip-coated
onto structures with control of the surface properties and layer thickness [72,133,300,
302]. Furthermore, extreme temperatures are not required, enabling bioactive agents
(such as cells, enzymes, proteins or antibodies [295, 297, 302]) to be incorporated
into the scaffold [297,299,303]. Even so, the processing conditions, such as the mild
thermal and chemical conditions, can still be harmful to such agents [308,309]. The
precursors can be varied to tailor the porosity [233,294,297]. However, the constructs
have poor mechanical properties and the technique is associated with higher costs
and complexity than other conventional techniques limiting its commercial viability
[288,295,297,298].
3.2 Additive Layer Manufacturing
Additive layer manufacturing, also known as solid freeform fabrication or rapid
prototyping, is a set of techniques based on the “bottom up” approach to manu-
facturing, whereby building units, in the form of powders, liquids or colloids, are
arranged in a predetermined manner [310–312]. As production involves computer
aided design and manufacture (CAD-CAM), the scaffold can be tailored to the host
requirements.
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3.2.1 Liquid-Based Techniques
Liquid-based techniques involve selectively drying a liquid. The most common is
stereolithography (SLA) which requires materials with ultraviolet (UV) sensitivity
to be used. Each layer of the scaffold is traced by a laser beam on the surface of a
vat of the photopolymer, causing local solidification as shown in Figure 3.8a. Once
complete, the structure is washed and cured in a UV oven. This is a highly accur-
ate technique, however there is a lack of suitable photosensitive biomaterials which
can be readily liquidized [313–317]. Although Chu et al [316] have reported some
photosensitive ceramics and Sachlos and Czernuszka [310] have investigated produ-
cing ceramic constructs by dispersing ceramic powders in photosensitive monomers,
liquid based methods are only readily suitable for polymeric biomaterials which will
not be used in this work due to the weak mechanical properties as outlined in Section
2.3. As such, these techniques will not be discussed any further.
3.2.2 Powder-Based Techniques
Powder-based techniques are based upon the joining of thin layers of powdered
(bio)material. A thin layer of powder is rolled onto the build table and selectively
joined. This can be either by the localized spraying of an adhesive as in 3D printing
(3DP) [318–324], Figure 3.8b, or the localized melting with a laser as in selective
laser sintering (SLS) [325–330], Figure 3.8c. The build table is then lowered, and
the procedure repeated.
A range of ceramics have been used with 3DP, including hydroxyapatite and other
calcium phosphates [331], and bioactive glass [320]. The main considerations with
respect to material choice are that the material must have suitable flowability to be
easily transferred to the build table and for depowdering of the construct whilst
enabling high resolution [313, 321], and that the powder can be bound by the
binder, without the spraying forces creating large craters or binder-powder reac-
tions [313, 321]. Although there are many reports confirming the biocompatibility
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(a) SLA uses a laser system to selectively so-
lidify a liquid
(b) 3DP uses a liquid adhesive to join particles
of the material together
(c) SLS works on the same principle as 3DP,
however uses a laser system
(d) 3D bioplotting drops a colloidal ink onto
a liquid where it solidifies
(e) FDM drops the colloid directly onto the
build table
Figure 3.8: The various ALM based techniques work in different ways (redrawn
from [311])
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of structures [318,319,324], there are conflicting results regarding the bioactivity of
the scaffolds. For example Shanjani et al [332] found the biological performance of
3DP fabricated scaffolds to be similar to that of sintered calcium polyphosphate,
whilst Leukers et al [319] found that 3DP HA scaffolds only offer similar proliferat-
ive ability as plastic controls [318]. Furthermore, Will et al [324] found that there
was no bone remodelling after 4 weeks in-vivo, whilst this has been reported for
various conventionally produced bioscaffolds [15, 16, 235, 333, 334]. There are also
problems due to powder entrapment [310] and the weak inter-particular strength of
green bodies [313, 331, 332] which exacerbates the difficulties in depowdering [313],
although Shanjani et al [331] improved the mechanical strength of constructs by
orientating the layers in the direction of the load.
Research into the use of SLS for bone scaffold applications has predominantly in-
volved mixing or coating HA with polymeric binders to form biocomposites [325,
328, 329], or by producing polymeric structures such as polyetheretherketone [328].
Constructs have been reported to be very fragile as a result of incomplete fusion
between particles [325, 328, 329] and, as with 3DP scaffolds, Zhou et al [329] found
difficulties in the complete depowdering of SLS fabrications. Finally, Chua et al [325]
report the formation of a carbonated HA layer on the the surface of SLS fabricated
HA/poly-vinyl-alcohol (PVA) composite scaffolds in simulated bodily fluid, inferring
their biocompatibility.
3.2.3 Colloidal Ink-Based Techniques
A colloid is a biomaterial-based slurry, with three major techniques utilizing these:
robocasting, ink-jet printing and the related 3D bioplotting, and fused deposition
modelling (FDM). Robocast structures are deposited as a highly concentrated colloid
able to support its own weight; the final structure is however limited by the mech-
anical strength [335–338]. Ceramic structures have been produced from PSZ [339],
HA [335,338] and other calcium phosphates [337], bioactive glass [338] and compos-
ites based on a ceramic interspersed with a polymer [335,338], with a range of poros-
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ities [335, 337–339]. One of the important features is the rheology of the precursor
slurry, which affects the construct properties, in particular the green body strength
and porosity of the sintered product [335,338–340], with well dispersed suspensions
increasing the density and homogeneity of the scaffold. Structures are biocompat-
ible, with apatitic deposition reported by Russia et al [338] in simulated bodily
fluid, whilst tailored degradation can be incorporated by including biodegradable
polymers [335, 338]. Furthermore, Polak et al [341] and Woodard et al [333]incor-
porated sacrificial polymers into the colloid to produce heirarchical structures.
Ink-jet casting deposits the colloid as droplets, which can spread to give elongated
pores with a high mechanical strength. However, the pore size of these is, in general,
not suitable for bioscaffolds [340,342,343]. 3D bioplotting also deposits droplets, but
into a liquid medium in which they solidify to limit the spreading as shown in Figure
3.8d. The major consideration with this is ensuring the complete removal of the
liquid medium [310–312]. For both ink-jet printing and 3D bioplotting, the rheology
of the ink is important in ensuring sufficient drop formation and solidification [340].
Furthermore, there must be a high level of dispersion of the biomaterial within
the ink to stop the nozzle becoming clogged [340,342], although suitable dispersion
techniques can be used to avoid this [340]. Colloids are either solvent based, where
solidification occurs by the drying of the solvent [340], or wax based, where the
wax is frozen [340]. In a review by Lewis et al [340], it was reported that solvent
based ink-jet printing is affected by the dwell time required for drying which causes
bottlenecks in the process, although the solvent can induce microporosity. They also
report that complete removal of the wax can take a long time and cause structural
changes in the construct. Finally, Wu et al [320] observed rapid apatitic deposition
in-vitro on glass-derived structures, which simultaneously released ions suitable for
bone regeneration.
Finally, FDM, shown in Figure 3.8e, pumps a filament of the material through a
head-heated liquifier. This generates structures with mechanical anisotropy, however
a thermoplastic polymer must be used and there is a lack of these suitable for
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hard tissue engineering applications [312, 343–346]. As the liquifier operates at
temperatures exceeding 120 °C, biological molecules cannot be incorporated into
the scaffold [310]. Seeding FDM-fabricated PCL/CaP structures with bone-derived
cells has indicated biocompatibility [312, 344], with Schantz et al [344] reporting
suitable proliferation and mineralization.
3.3 Comparison of Techniques for Scaffold Fabrication
The above techniques are some of the more prevalent methods suitable for fabric-
ating porous structures. Table 3.1 summarises the advantages and limitations of
these compared to the scaffold criteria outlined in Section 1.1.1, with the pore size,
porosity, compressive yield strength and biological response analysed. All of the
aforementioned methods can be used to produce structures with open pore fen-
estrations [12, 259, 268, 283, 305, 322, 329, 333, 335, 338] within the range detailed for
cancellous bone growth (100-900 μm), although phase separation/freeze casting is at
the lower limit of this. Furthermore, all can generate scaffolds with porosities similar
to that of cancellous bone depending on the processing parameters. The mechanical
properties of the scaffold are closely linked with the porosity, with structures from
most techniques having a yield stress within the limits of 2-23MPa known to be
suitable for cancellous bone reparation [254,274,285,322]. This is material depend-
ant however, with the values above given for HA being the biomaterial, as it offers
the greatest osteogenic potential. Similarly, the biological response reported herein
is also for HA structures. Scaffolds produced from all conventional techniques apart
from dry methods have an enhanced biological response [347], whilst ALM fabric-
ated constructs exhibit conflicting responses. This is due to the smooth surface
finish of colloidal ink-based techniques [312], entrapped powders [310, 329], which
are cytotoxic, with powder-based techniques and the incomplete removal of toxic
solvents/binders in colloidal ink-based techniques [310,340] and 3DP [313].
The techniques outlined in this chapter have been ranked with the analysis given
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in Table 3.2. Not only does this include the factors analysed in Table 3.1, it also
incorporates an analysis of the more tangible factors discussed in the following para-
graphs. Not included in the table is the AFR as it is in the early stages of devel-
opment. This has been developed with the aim of minimising the relatively poor
performances of the constituent techniques [267], as detailed in Section 3.3.1.
The pore size is of paramount importance to the tissue response to the scaffold.
Macropores (>10 μm) and micropores (0.5-10 μm) enhance the biological activity in
different ways, and so ideally both would be present. This is more achievable using
conventional techniques due to the limitations with the resolution of rapid prototyp-
ing techniques. The few methods capable of producing scaffolds with both types of
porosity have been developed using combinations of different techniques with mac-
ropores generated via foam reticulation and microporosity created through various
routes, with Yang et al [355] incorporating freeze-gel casting, Mallick and Win-
nett [267,278], in work completed prior to this PhD, using freeze casting (AFR) and
Lee et al [268] integrating solvent casting. In both cases, scaffolds consisted of mi-
croporous struts, with the size of the micropores approximately 2-10 μm. There are
few reports investigating the influence of microporous struts on biological perform-
ance, although generating microporosity has been shown to have a more significant
impact than including bone-specific growth factors [333,341].
Controllability is important in functionally optimizing the scaffold. Both sets of
techniques have some degree of controllability. This affects the scaffold in two main
ways: the first is the production of suitable pore sizes. The porous network of
ALM produced scaffolds is predetermined and CAD-CAM enables the desired struc-
ture to be easily realised with close control over the porosity, pore size and strut
size [311, 312, 356]. The only limitation however is the resolution of the machinery,
with most techniques unable to define features smaller than 10 μm and as such unable
to introduce microporosity [311]. Although the orientation of pores is not control-
lable using most conventional techniques [310], the size and amount of porosity is.
Secondly, tailoring of the external dimensions of the structure requires a high level of
42
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control over the total structure. This can be readily achieved using ALM techniques,
with Peltola et al [311] anticipating that patient specific scaffolds are possible using,
for example, computed tomography (CT), magnetic resonance imaging (MRI) or
X-ray scans. Achieving this with conventional techniques would involve the use of
prefabricated moulds [310], which would involve an extra processing step.
Repeatability is the ability of a technique to consistently produce a similar structure.
Due to the high level of controllability, this is readily achieved using ALM techniques
[310–312]. Most conventional techniques only have control over the porosity and pore
size whilst the location and orientation of the pores is more random [312], although
if a suitable template is used, replication techniques are repeatable [65,267,277,347].
Cost must also be considered. ALM has a much higher initial cost which, despite
having been been reduced recently, is still a limitation to these methodologies being
commonplace [356–358]. As outlined in Section 3.1, many conventional techniques
use sacrificial raw materials to generate porosity that cannot be reused, whilst some
ALM based techniques use similarly sacrificial binders. Furthermore, after the ma-
chinery has been obtained, there are further costs associated with the labour required
for the CAD design of the scaffold, with conventional techniques also involving highly
skilled and experienced individuals. No evaluation of the individual scaffold cost has
been undertaken, so it is not known which technique is more economically viable in
the long term.
Finally, the adaptability of a technique to enable more functional optimization is
important. Whilst ALM uses machinery that allows for some degree of variabil-
ity [312, 356, 357], such as the materials that can be used and the pore structure,
there are limitations to this. Conventional techniques have been varied to differ the
pore size, pore orientation and porosity to generate more biologically and mech-
anically suitable scaffolds [267, 268, 355]. This is only possible using ALM tech-
niques by producing moulds which are then used with conventional pore forming
methods [359]. Furthermore, most relevant biomaterials can be utilised with many
conventional techniques which is important for industrial applications; in contrast
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Yeong et al [359] identify one of the challenges of ALM techniques being their lim-
itation to specific material types.
3.3.1 Comparison of AFR to existing techniques
The main strength of AFR is the controllable production of micropores within the
macroporous struts, which is expected to increase the biological activity of the sam-
ple by encouraging cells to adhere to the struts [2, 16] as was reported by Polak
et al [341] who incorporated microporosity into robocast structures. It is also hy-
pothesized that the mechanical properties could be increased by the inclusion of
micropores, stopping the generation of microcracks during polymer burn out by
providing routes for the template to be removed from within the scaffold [267].
However, this will be dependant on the size and amount of microporosity, as high
levels of microporosity will be detrimental to the compressive strength by signifi-
cantly increasing the overall porosity. The increase in the compressive strength of
robocast scaffolds with microporosity, compared to those fabricated without, after
implantation in pigs has been investigated by Woodard et al [333], who deduced
this to be due to increased bone ingrowth, with similar effects expected with AFR
produced scaffolds
There is significant control over the structure of the final construct. Not only is
macroporosity controlled by template choice, but the microporosity is also control-
lable due to the incorporation of the freeze casting technique [256,257]. Furthermore
the limitations of the freeze cast method associated with the maximum size of the
construct and the small pore sizes [250,253,264] are overcome, as small micropores
are desired and the thickness of the sample to be freeze cast is that of the coating
on the strut.
For these reasons, it has been decided that enhancing the knowledge of this technique
would be highly beneficial to the scientific community. To date, only HA [267,278]
and Bioglass ® [279] scaffolds have been produced, with some potential materials
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summarized in Table 3.3. The range of freezing temperatures has been limited
to room temperature and the porogen confined to camphene thus far [267, 278],
although Yang et al [355] and Lee et al [268] have recently published similar work
with tertiary-butyl alcohol (TBA) as the solvent.
As shown in Table 3.3, camphene has been used as the porogen in freeze cast struc-
tures from a variety of materials [49, 97, 106, 107, 117, 253, 254]. It is a bicyclic
monoturpene that is insoluble in water, although soluble in a range of solvents in-
cluding ether and alcohol [378]. One of the more interesting features is that it has a
melting point of 51.5 ºC [378]. Thus, it is highly useful in freeze casting: by heating
the biomaterial containing slurry to approximately 60 ºC the camphene is melted,
and therefore freezes when cast at room temperature. The dendritic structure it
produces during freezing has been well documented [97,106,107,117,254]. As such,
this material allows for control over the microporosity which is a significant feature
in terms of developing a method of controllably fabricating porous bioscaffolds.
3.4 Aims and Objectives
Optimized, multi-scale porosity is vital to enhancing the ability of cells to attach
and grow on scaffolds [1, 6]. Not only does this enhance the bioactivity of scaffolds
from bioactive materials [5], it also transforms bioinert materials into those that can
initiate cell adhesion [5]. Although porous structures can be produced from any of
a range of techniques, very few [267, 268, 278, 281, 333, 341] enable the realisation
of structures with controllable macro and microporosity. It is expected that the
biological activity of such structures with pore size optimization could facilitate
significant advances in bone regenerative medicine.
Hence the aim of this PhD is to enhance the knowledge of the adaptive foam reticu-
lation technique for producing bioscaffolds for bone tissue engineering applications.
Varying the macroporosity to enable the optimization of the pore size with respect to
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the complete infiltration of cells throughout the structure whilst concurrently vary-
ing the microporosity to facilitate the achievement of optimally sized micropores
facilitating cell attachment requires further investigation. Furthermore, a variety of
currently used and potential biomaterials should be investigated to analyse the ver-
satility of the technique, with the biological performance of fabricated scaffolds also
requiring determination. Finally, although the long term (10+ years) performance
cannot be evaluated in this thesis due to the time constraints of the PhD, these
should be considered in ongoing and future research projects.
3.5 Summary
Porous scaffolds can be manufactured using a range of techniques, which can be
broken down into conventional and ALM. Conventional techniques utilise the re-
action of materials to different environments such as temperature and pressure to
generate porosity, whilst ALM techniques involve the ’bottom-up’ approach of ar-
ranging building units in a predetermined manner. Most conventional techniques
involve mixing the biomaterial into a slurry. Porosity can then be incorporated
using porogens which can also be frozen to increase the range of sizes. The slurry
can be placed into moulds or coated onto templates to obtain different structures.
ALM techniques are further broken down depending on the form with which the
biomaterial takes during processing, such as colloidal, powder or liquid. There is a
greater deal of control over the final structure of ALM fabrications due to the CAD-
CAM procedure. The advantages and limitations of the techniques are discussed
and as such the aim of the PhD is to enhance the knowledge of the AFR technique,
a relatively new technique which has a wide scope for development.
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Chapter 4
Materials and Methodology
This chapter outlines the materials and methodologies used in this work to produce
and characterise bioscaffolds. The theory behind the characterisation techniques is
also detailed.
4.1 Scaffold Fabrication
The AFR technique is used to produce scaffolds in this work. As previously described
in Section 3.1.5.1, this involves mixing the biomaterial into a slurry and coating it
onto a template. This is then frozen, dried and subjected to a controlled heating
protocol combining polymer pyrolysis and sintering of the construct. Each stage of
the procedure is outlined in the following subsections.
4.1.1 Slurry Preparation
To enable the biomaterial to be coated onto the polymeric template, it needs to be
mixed into a slightly viscous fluid or slurry. This is accomplished by combining the
biomaterial with a binder, a dispersant and water, whilst a porogen is also included
for AFR.
4.1.1.1 Hydroxyapatite
Slurries incorporating HA as the biomaterial consist of hydroxyapatite (≥90%,
Sigma Aldrich, UK), methylcellulose (average molecular weight 86000 g/mol, Sigma
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Aldrich, UK) as the binder, Dolapix CE64 (average molecular weight 320 g/mol,
Sigma Aldrich, UK) as the dispersant and water. As it is well documented as to
how ice dendrites can be formed in a controllable manner, camphene (95%, Sigma
Aldrich, UK) has been used as a porogen. Although solid at room temperature, it
can be dissolved in dimethyl-carbonate (DMC) (≥99%, Sigma Aldrich, UK), with a
minimum ratio of 40:60 camphene:DMC. Components of the slurries, given in Table
4.1, were ball milled (alumina balls, 3mm diameter, Fisher Scientific, UK) for 24 hrs
to ensure homogenisation. The effect of camphene was evaluated by varying the
camphene percentage.
Table 4.1: Slurry components (wt.%) for hydroxyapatite slurry. The column headers
denote the ratio of camphene to hydroxyapatite
Pure HA 5:95 10:90 20:80 25:75
HA 39 37 34 30 27
Camphene 0 2 4 8 10
DMC 0 3 6 12 20
Dolapix 2 2 2 2 2
Methylcellulose 1 1 1 1 1
Water 58 55 53 47 40
4.1.1.2 Titanium/Titanium-Aluminium-Vanadium
As above with HA-based slurries, Ti-based slurries use methylcellulose as the binder,
Dolapix CE64 as the dispersant, water and camphene dissolved in DMC as the
porogen. For Ti components, titanium hydride (TiH2)(≥98%, Merck KGaA, UK)
is used as the raw biomaterial as this can be handled with minimum risks to the
user and when sintered to temperatures above 550 °C decomposes to Ti and H2.
Components of the slurries, given in Table 4.2, were ball milled for 24 hrs to ensure
complete mixing. Ti-6Al-4V (≥98%, Phelly Materials U.S.A. Inc, USA) slurries
were also produced, using the same conditions and proportions as for TiH2. The
Ti-6Al-4V powder was provided in three mesh sizes (500-,400- and 325- equating to
average particle sizes of 15, 25, and 40 μm respectively), however only the 325-mesh
fraction was used to produce scaffolds.
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Table 4.2: Slurry components (wt.%) for titanium-based slurries. The column head-
ers denote the ratio of camphene to TiH2/Ti-6Al-4V
Pure Ti
or
Ti-6Al-4V
5:95 10:90 20:80 25:75
TiH2/Ti-6Al-4V 61 56 52 45 37
Camphene 0 3 6 11 12
DMC 0 4 9 16 27
Dolapix 2 2 2 1.5 1.5
Methylcellulose 1 1 1 0.5 0.5
Water 36 34 30 26 22
4.1.2 AFR
Two variations of the AFR technique were used in this work: conventional, and with
freeze drying. These were standardised such that scaffolds can be manufactured from
all biomaterials without varying the techniques.
4.1.2.1 Conventional AFR
The biomaterial slurry was prepared as above in Section 4.1.1. Polyurethane (PU)
foam templates (Recticel, UK) of 15mm diameter with 2 porosities (45 and 90
pores per inch (ppi)) were cut to 20mm lengths and briefly immersed in the slurry
before light manual squeezing to remove some of the excess. The template was then
placed in an in-house manufactured Nylon sample holder designed to fit into the top
opening of a Buchner flask and with a central, stepped hole that provides a location
for the samples to sit on. This was placed in the top of a Buchner flask and light
vacuum conditions (0.02MPa) were generated to further remove the excess slurry.
The equipment used is shown in Figure 4.1.
Impregnation was undertaken up to 5 times, with the slurry allowed to dry at
room temperature (20 °C) for 30mins between coatings. This allowed for partial
drying such that upon manual squeezing of subsequent coats, as little of the previous
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(a) CAD representation of the equipment
used in the AFR technique
(b) Photograph of actual equipment used to
produce scaffolds using AFR. The foam is
dipped in the slurry, lightly squeezed by hand
before being placed in the holder atop the
buchner flask, where suction removes the re-
maining excess
Figure 4.1: The equipment used to produce bioscaffolds using AFR. The coated
foam sits in the sample holder, which in turn sits in a Buchner flask connected to
an air pump
coat was removed as possible. This was undertaken for all HA, Ti and Ti-6Al-4V
slurries and for all sintering programmes, described below in Section 4.1.3, to enable
the analysis of multiple variables: camphene percentage, sintering temperature and
number of coats. Once all coats had been applied, the samples were allowed to
completely dry at room temperature for 24 hrs before sintering.
4.1.2.2 AFR with Freeze Drying
The effect of the freeze drying temperature on micropore formation was investigated
by coating the templates and placing them in a Labconco FreeZone 2.5 Liter Freeze
Dry System (Labconco, USA) equipped with a Small Clear Drying Chamber. As
with conventional AFR, the slurry was prepared and coated onto foam templates
20mm in length using the equipment shown in Figure 4.1. Only 1 coating was used
before freezing; once the excess slurry was removed, the samples were placed on the
bottom shelf of the chamber or on the condensor and frozen for 4 hrs. To determine
the final temperatures of the scaffolds after freezing, the temperature was measured
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using k-type thermocouples (Omega Engineering Ltd., UK) attached to a datalogger
(Model HH1384, Omega Engineering Ltd., UK). Once samples had been frozen, a
controlled heating regime was implemented under pressure (0.133mbar) to sublime
the ice crystals. Conventional AFR incorporating camphene also provides a third
freezing temperature as DMC evaporates at room temperature.
4.1.3 Sintering
To enable complete polymeric burnout, HA samples were heated at 0.5 °C/min to
500 °C. The green body was held at this temperature for 3 hrs before being heated
at the same rate to the final sintering temperature. To determine the optimal final
temperature, 50 °C intervals were chosen to which the samples were heated. Thus,
maximum temperatures of 1100, 1150, 1200, 1250, 1300 and 1350 °C were used.
Sintering of TiH2 must facilitate the decomposition of the hydride whilst ensuring
that no oxide is produced. This is achieved by using a furnace through which inert
gas has been flushed to remove as much of the natural atmosphere as possible.
Flushing was carried out at room temperature for 30mins prior to sintering and for
the duration of the heating cycle using a 95:5 nitrogen:argon mix. TiH2 decomposes
above 600 °C [379, 380], hence the initial holding temperature was below this such
that the Ti will not react with the polymer; for this work, this was 500 °C. Maximum
temperatures for Ti sintering range from 1000 °C to 1300 °C [67,381], so 1000, 1100,
1200 and 1300 °C were used.
For Ti-6Al-4V samples, sintering must also be undertaken in an inert atmosphere to
prevent the formation of any oxides (TiO2, Al2O3 or vanadium oxide). The furnace
and methodology used for TiH2-slurry coated templates was used, although the final
sintering temperatures differed. Briefly, the sample was heated to 500 °C to remove
the foam before heating to final sintering temperatures of 1200, 1250 and 1300 °C,
similar to that used by Li et al [275]. The sintering protocols for HA, TiH2 and
Ti-6Al-4V are given in Table 4.3.
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Table 4.3: Sintering protocol for scaffolds produced from HA, Ti and Ti-6Al-4V
HA TiH2 Ti-6Al-4V
Initial Heating Rate 0.5 °C/min 3 °C/min 3 °C/min
Holding time
(at 500 °C)
3 hours 3 hours 3 hours
Secondary heating rate 0.5 °C/min 3 °C/min 3 °C/min
Holding time
(at final sintering temperature)
3 hours 3 hours 3 hours
Cooling rate 1 °C/min 3 °C/min 3 °C/min
4.1.4 Summary of Processed Samples
A complete list of samples generated for this work is given in Tables 4.4, 4.5 and
4.6 for HA, Ti and Ti-6Al-4V respectively. Samples are labelled depending on the
processing parameters used during fabrication: construct material (hydroxyapatite
(HA), titanium (Ti) or Ti-6Al-4V (T64) is followed by the sintering temperature,
which is followed by the number of coats, which is followed by the porogen content
where included. The labels of structures frozen during production consist of: con-
struct material, followed by position of sample within freeze drier (FCS as freeze
cast on shelf; FCC as freeze cast on condenser) followed by porogen content where
included. All samples were fabricated from both the 45 and 90 ppi templates.
4.2 Scaffold Characterisation
The methodology of the techniques used to analyse the precursor materials and
bioscaffolds is given in this section, along with a brief theoretical review. As they
enable a thorough examination of the precursor materials and final scaffolds and are
standard for the field of scaffold manufacture, these are X-ray diffraction for chemi-
cal and crystallographic determination, simultaneous thermal analysis for investigat-
ing high temperature behaviour, scanning electron microscopy and micro-computed
tomography for structural analyses, porosimetry for porosity measurements, com-
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Table 4.4: Complete list of samples generated from HA using AFR technique. Label
constructed as: material followed by sintering temperature followed by number of
coats followed by porogen content where included. Structures frozen during produc-
tion are labeled as: material followed by freeze cast on shelf (FCS) or on condenser
(FCC) followed by porogen content where included.
Number of Coats
1 2 3 4 5
Porogen
Content
(%)
0 HA11001c
HA11501c
HA12001c
HA12501c
HA13001c
HA13501c
HAFCS
HAFCC
HA11002c
HA11502c
HA12002c
HA12502c
HA13002c
HA13502c
HA11003c
HA11503c
HA12003c
HA12503c
HA13003c
HA13503c
HA11004c
HA11504c
HA12004c
HA12504c
HA13004c
HA13504c
HA11005c
HA11505c
HA12005c
HA12505c
HA13005c
HA13505c
5 HA12501c5
HA13001c5
HA13501c5
HAFCS5
HAFCC5
HA12502c5
HA13002c5
HA13502c5
HA12503c5
HA13003c5
HA13503c5
HA12504c5
HA13004c5
HA13504c5
HA12505c5
HA13005c5
HA13505c5
10 HA12501c10
HA13001c10
HA13501c10
HAFCS10
HAFCC10
HA12502c10
HA13002c10
HA13502c10
HA12503c10
HA13003c10
HA13503c10
HA12504c10
HA13004c10
HA13504c10
HA12505c10
HA13005c10
HA13505c10
20 HA12501c20
HA13001c20
HA13501c20
HAFCS20
HAFCC20
HA12502c20
HA13002c20
HA13502c20
HA12503c20
HA13003c20
HA13503c20
HA12504c20
HA13004c20
HA13504c20
HA12505c20
HA13005c20
HA13505c20
25 HA12501c25
HA13001c25
HA13501c25
HAFCS25
HAFCC25
HA12502c25
HA13002c25
HA13502c25
HA12503c25
HA13003c25
HA13503c25
HA12504c25
HA13004c25
HA13504c25
HA12505c25
HA13005c25
HA13505c25
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Table 4.5: Complete list of samples generated from Ti using AFR technique. Label
constructed as: material followed by sintering temperature followed by number of
coats followed by porogen content where included.
Number of Coats
1 2 3 4 5
Porogen
Content
(%)
0 Ti10001c
Ti11001c
Ti12001c
Ti13001c
Ti10002c
Ti11002c
Ti12002c
Ti13002c
Ti10003c
Ti11003c
Ti12003c
Ti13003c
Ti10004c
Ti11004c
Ti12004c
Ti13004c
Ti10005c
Ti11005c
Ti12005c
Ti13005c
5 Ti10001c5
Ti11001c5
Ti12001c5
Ti13001c5
Ti10002c5
Ti11002c5
Ti12002c5
Ti13002c5
Ti10003c5
Ti11003c5
Ti12003c5
Ti13003c5
Ti10004c5
Ti11004c5
Ti12004c5
Ti13004c5
Ti10005c5
Ti11005c5
Ti12005c5
Ti13005c5
10 Ti10001c10
Ti11001c10
Ti12001c10
Ti13001c10
Ti10002c10
Ti11002c10
Ti12002c10
Ti13002c10
Ti10003c10
Ti11003c10
Ti12003c10
Ti13003c10
Ti10004c10
Ti11004c10
Ti12004c10
Ti13004c10
Ti10005c10
Ti11005c10
Ti12005c10
Ti13005c10
20 Ti10001c20
Ti11001c20
Ti12001c20
Ti13001c20
Ti10002c20
Ti11002c20
Ti12002c20
Ti13002c20
Ti10003c20
Ti11003c20
Ti12003c20
Ti13003c20
Ti10004c20
Ti11004c20
Ti12004c20
Ti13004c20
Ti10005c20
Ti11005c20
Ti12005c20
Ti13005c20
25 Ti10001c25
Ti11001c25
Ti12001c25
Ti13001c25
Ti10002c25
Ti11002c25
Ti12002c25
Ti13002c25
Ti10003c25
Ti11003c25
Ti12003c25
Ti13003c25
Ti10004c25
Ti11004c25
Ti12004c25
Ti13004c25
Ti10005c25
Ti11005c25
Ti12005c25
Ti13005c25
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Table 4.6: Complete list of samples generated from Ti-6Al-4V using AFR technique.
Label constructed as: material followed by sintering temperature followed by number
of coats followed by porogen content where included.
Number of Coats
1 2 3 4 5
Porogen
Content
(%)
0 T6412001c
T6412501c
T6413001c
T6412002c
T6412502c
T6413002c
T6412003c
T6412503c
T6413003c
T6412004c
T6412504c
T6413004c
T6412005c
T6412505c
T6413005c
5 T6412001c5
T6412501c5
T6413001c5
T6412002c5
T6412502c5
T6413002c5
T6412003c5
T6412503c5
T6413003c5
T6412004c5
T6412504c5
T6413004c5
T6412005c5
T6412505c5
T6413005c5
10 T6412001c10
T6412501c10
T6413001c10
T6412002c10
T6412502c10
T6413002c10
T6412003c10
T6412503c10
T6413003c10
T6412004c10
T6412504c10
T6413004c10
T6412005c10
T6412505c10
T6413005c10
20 T6412001c20
T6412501c20
T6413001c20
T6412002c20
T6412502c20
T6413002c20
T6412003c20
T6412503c20
T6413003c20
T6412004c20
T6412504c20
T6413004c20
T6412005c20
T6412505c20
T6413005c20
25 T6412001c25
T6412501c25
T6413001c25
T6412002c25
T6412502c25
T6413002c25
T6412003c25
T6412503c25
T6413003c25
T6412004c25
T6412504c25
T6413004c25
T6412005c25
T6412505c25
T6413005c25
pression testing for analysis against cancellous and cortical bone compressive yield
stresses, and in-vitro cell viability for biological behaviour of the scaffolds.
4.2.1 Diffraction
4.2.1.1 X-Ray Diffraction
X-ray diffraction (XRD) is used to establish the chemical and crystallographic com-
position and yield information about the structure of a material [382–384]. Any 3D,
non-amorphous material is made of regular, repeating planes of atoms that form a
crystal lattice. X-rays are diffracted by a sample of the material [382] according to
Bragg’s Law:
2dsinθ = nλ (4.1)
where d is the atomic spacing, θ is the angle of incidence, n is a whole integer
representing the order of the number of planes of atoms, and λ is the wavelength.
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For most angles the superposition of waves reflected from neighboring planes causes
near annihilation. However, at some angles the amplitudes superimpose, with a
maximum intensity when the phase difference is zero, which occurs at a certain
angle, the Bragg angle [383, 384]. This can be compared to standard graphs (such
as Joint Committee on Powder Diffraction Standards (JCPDS) Powder Diffraction
Files) for each constituent phase to evaluate the composition of the material.
Powder diffraction, with the method of Debye and Scherrer the most popular, is
used in this work. Further information on the technique can be found in Cullity and
Stock [383]. Briefly, a beam of monochromatic X-rays, with a fixed value of λ, is
generated and θ varied. Finer powders produce smoother, more continuous lines and
are therefore preferable, hence samples are usually ground prior to analysis [383].
4.2.1.2 Laser Diffraction
Laser diffraction uses the diffraction of light to determine the size of particles. A
laser beam is collimated and passed through the sample cell, containing a movind
suspension. The diffracted light is focused to the detector and the angular distribu-
tion, I(θ) given by:
I(θ) = 1
θ2
ˆ ∞
0
R2n(r)J2i (θkR)dR (4.2)
where θ is the scattering angle, R is the particle radius, m(R) is the size distribution
function, k = 2piλ and J is the Bessel function of the first kind [385].
The suspension fluid is generally filtered water, which must be degassed of dissolved
air. Generally, between 0.1 and 2 g of sample is reqired, which is dissolved in ap-
proximately 10ml of deionized water. Results are reproducible, and if correctly
calibrated, highly accurate [385–387].
59
CHAPTER 4. MATERIALS AND METHODOLOGY
4.2.1.3 Methodology
Phase analysis of the precursor biomaterial powders and powdered scaffolds treated
at various sintering temperatures were analysed using powder XRD with an incident
angle of 2θ = 5-90 °, with a step size of 0.02 ° and a step duration of 0.5 s on a Fe-
filtered diffractometer (Model Empryean, PANalytical, UK). Sample preparation
involved grinding with a mortar and pestle, placing in a holder, pressing slightly
and leveling off in line with the uppermost surface of the holder. To ensure the
diffractometer was correctly calibrated, silicon (99%, Sigma Aldrich, UK) was added
(10wt.%) to selected samples. For all scans, Cobalt Kα radiation was used and
peak analysis was conducted using HighScore (PANalytical, UK), preloaded with
standard Crystallography Open Database (COD) diffraction files.
For analysis, the area of the peak is considered, which is fitted in HighScore using
the Pseudo-Voigt function [388–390]:
Gjk = γ
C
1/2
0
Hkpi
[1 + C0x2jk]−1 + (1− γ)
C
1/2
1
Hkpi
1/2
exp[−C1x2jk] (4.3)
where C0 and C1 are constants, of 4 and 4ln2 respectively, γ is a refinable ’mix-
ing’ parameter, xjk = (2θj − 2θk)/Hk, and Hk is the full-width at half-maximum
(FWHM) which is defined from the function using using:
Hk = (A tan2 θ +B tan θ + C)1/2 (4.4)
where A, B, and C are refinable variables.
Furthermore, for semi-quantitative analysis of the estimated mass fractions of identi-
fied phases, the inbuilt function of HighScore is used, which is based on the reference
intensity ratio (RIR) [388–390]. The concentration, X, of phase a is calculated using:
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Xa =
I(hkl)a
RIRaIrel(hkl)a
 1n∑
j=1
(I(hkl)′j/RIRjIrel(hkl′j)
 (4.5)
where Irel is the net peak of the strongest line of the phase.
Particle size analysis was carried out using a LS 13 320 Particle Size Analyzer
(Beckman Coulter, UK) equipped with a Universal Liquid Module. Briefly, pow-
dered biomaterials were placed in suspension with water and added dropwise to the
diffractometer. Once an appropriate amount was added, the diffractometer ran a
set programme to analyse the particle size.
4.2.2 Simultaneous Thermal Analysis
4.2.2.1 Theory
Thermogravimetric analysis (TGA) measures the change in mass of a substance
as it undergoes a predetermined temperature program using an electronic micro-
balance, enabling the active and stable components to be determined, as well as the
decompositional, oxidation and dehydration behaviour. [391–393].
Differential thermal analysis (DTA) measures the change to the heat flow rate of the
sample compared to a reference material whilst both follow a predetermined tem-
perature program to determine whether materials undergo endothermic dehydra-
tion (when the sample exhibits an isothermal change as the reference temperature
increases) or exothermic reactions (when the sample temperature changes during
isothermal changes to the reference) [392,394–398].
Simultaneous thermal analysis (STA) undertakes both DTA and TG simultaneously
to obtain a complete mass spectrum of the sample. Running both techniques con-
currently also allows for the more rapid generation of results whilst using less of the
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material. Furthermore, as only one thermocouple is required, the accuracy of the
result is increased [399].
4.2.2.2 Methodology
The isothermal behaviour, thermal stability and composition of the precursor HA,
Ti and Ti-6Al-4V slurries, and the pyrolysis behaviour of the polyurethane foam
was studied using simultaneous differential thermal analysis and thermogravimetric
analysis using an STA1500 (TA Instruments, UK). 20mg of sample was placed in a
precalibrated platinum pan and heated up to 1400 °C (HA, Ti, Ti-6Al-4V) or 500 °C
(PU foam) at a ramp rate of 10 °C/min in flowing air (HA, PU foam) or nitrogen
(Ti, Ti-6Al-4V).
4.2.3 Scanning Electron Microscopy
4.2.3.1 Theory
Scanning electron microscopy (SEM) permits the observation and characterisation
of organic and inorganic materials on a micro to nanometer scale, thus allowing the
surface properties of many materials to be analysed. The limits of magnification
enable both the macro and microscopic features of bioscaffolds to be viewed [400,
401], with a good depth of focus and reasonable resolution [400]. To avoid charging of
non-conducting surfaces, sample preparation usually requires gold or carbon coating
of the sample [384,400].
During SEM using the instrument available for this work, the samples must be
held under a vacuum to ensure no air particles are present that may obstruct the
electrons. This is also true for many other systems and thus a large portion of
research has been given to the development of suitable vacuum systems [384]. A
computer controls the microscope with six main categories of usage: instrument
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control, instruction, data acquisition, data storage, data processing and image quan-
tification [384, 400, 401]. Further information on SEM can be found in Wells [401]
or Hearle, Sparrow and Cross [400].
4.2.3.2 Methodology
Samples were attached to SEM stubs using Acheson Silver DAG 1415M (AgarScien-
tific, UK). Briefly, some DAG was applied onto the stub and the sample placed onto
this, where the DAG acted as an adhesive as it dried. Some extra silver DAG was
added to the sides of the sample to aid electron conduction away from the top sur-
face. The samples then underwent gold coating using an automatic sputter coater
(Agar Auto Sputter Coater, AgarScientific, UK).
SEM was undertaken on a Zeiss Sigma Aldrich E-SEM (Zeiss, Germany). Standard
magnifications were used such that consistency was achieved and for suitable com-
parison of samples. For secondary electron micrographs, standard conditions were
used, with details of the voltage, working distance and magnification used provided
in figures in Part III. The software used to control the SEM, SmartSEM (Zeiss,
Germany), enables the real time measurement of points within the image and as
such was used to measure the particle sizes of raw materials and the pore and strut
sizes of scaffolds. Average particle sizes were obtained by averaging the length and
width of individual particles. This was confirmed using particle size analysis, de-
tailed above in Section 4.2.1.2. Where possible, 10 measurements of each pore and
strut size were taken from a variety of locations across the scaffold surface. The
pore dimension was calculated by determining the equivalent circle diameter, whilst
strut sizes were measured at the central point of the strut.
4.2.4 Micro-Computed Tomography
Micro-computed tomography (micro-CT) is a non destructive technique that pro-
vides 3D images of an object. Micro-CT is a high resolution adaptation of computed
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tomography, which is based on the interaction of ionizing radiation, such as X-ray
or synchrotron, with matter. As an X-ray beam penetrates an object, it is exponen-
tially attenuated according to the material. Thus, an X-ray image is a representation
of the sum of all the local attenuations along the beam, with 3D images being the
collation of a set of 2-dimensional (2D) projections [402–405].
Micro-CT images are usually obtained using a fixed source and detector, whilst
the object is rotated, as shown in Figure 4.2. The source can be a microfocus X-
ray tube or the insertion device of a synchrotron radiation facility; the detector is
usually based on a charge-coupled device (CCD) camera. The beam is collimated
and filtered to narrow the energy spectrum before it is passed through the sample
[402,404].
Figure 4.2: Main components of a micro-CT scanner. The tube and detector are
fixed in this case, whilst the sample is rotated.
High resolution is achieved via cone beams, optical magnification or Bragg diffrac-
tion [404]. The projections are recorded as discrete points in 2D images which are
reconstructed to produce a 3D image [402–405]. Post processing software allows for
the determination of a variety of features of the sample, including porosity, surface
area and pore size [403–405].
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4.2.4.1 Methodology
MicroCT scanning was undertaken using a Zeiss Xradia 520Versa (Zeiss, Germany)
equipped with an X-ray sealed source (40kV, 3W), a CCD detector, quartz filter
and lens optic magnification, which enables scans with resolution of between 50 nm
and 25 μm depending on the conditions used. For low resolution scans (resolution =
5 μm), 0.4x optical magnification was used; for high resolution scans (resolution =
0.8 μm), 4x optical magnification was used. The low resolution scans were obtained
using 3201 projections with an exposure time of 15 s. The high resolution scans were
internal scans, where different sections of the scaffold came in and out of view during
rotation. Hence a higher number of projections (4500) was used with an increased
exposure time of 38 s.
Analysis was undertaken using Avizo 8.1 (Visualizations Sciences Group, FEI, USA).
To determine the parts of the greyscale image that were material, the Iso-50% value
was used. This is obtained by attributing a numerical value (between 0 and 65536)
and plotting all values as a histogram, with the Iso-50% the number halfway between
the peaks for background noise and material (for one material). Furthermore, only
connected components were incorporated to remove any noise.
The low resolution scans were treated as having no microporosity. Hence, for each
orthoslice the material was selected and a `fill holes´ treatment applied to make
all the struts solid. Hence, the strut volume was determined which was inverted
to determine the porosity. Segmenting was undertaken using a `separate objects´
treatment, which uses Voroni volumes to identify individual components.
High resolutions scans were subjected to similar treatments, however before the `fill
holes´ treatment, the orthoslices underwent `closing´ to close off strut pores. The
holes were filled and the new image compared to the original orthoslice. An exclusive
or (XOR) treatment then allowed for the selective segmenting of strut pores and
thus determination of the strut volume. Inverting this enabled the calculation of
the pore volume.
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4.2.5 Porosimetry
Porosimetry is the measurement of the amount of porosity of a structure. This
can be undertaken using the Archimedes’ method, gas adsorption pyconometry or
mercury porosimetry. Due to the expected size and nature of the porosity that will
be present in AFR fabricated scaffolds and as other non-porosimetric techniques can
be used to estimate the pore size, it is only suitable to use the Archimedes’ method
in this work.
4.2.5.1 Archimedes’ Principle
Archimedes’ principle states that a structure that is partially or completely sub-
merged in a fluid, which can be gaseous or liquid, will, whilst at rest, be acted upon
by a buoyant force. In turn, this force equates to the weight of the fluid displaced
by the volume of the object that is submerged below the surface of the liquid [406].
It is a well-known technique and has been used to calculate bone density [407–409]
cementing the importance it has in tissue engineering. Although water is the stan-
dard material, any liquid can be used and the presence of mesopores (2-50 nm) led
to other substances being preferable and the development of pyconometry [410]. It
is only capable of determining the overall porosity of the structure and cannot de-
termine exact pore sizes or their distribution. To enable calculation of the porosity,
Po, the density of a sample, ρscaffold, must first be measured using:
ρscaffold = ρwater 
Wd
Ww −Wsu (4.6)
where ρwater is the absolute density of water, and Wd, Ww and Wsu are the dry, wet
and submerged masses of the scaffold respectively. The temperature of the water in
which the sample is submerged should also be measured so that any variances could
be accounted for with respect to the absolute density of water [406,408,409]. Thus,
porosity is calculated using:
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Po = 1− ρscaffold
ρsolid
(4.7)
where ρsolid is the bulk density of the material [406–409].
4.2.5.2 Methodology
Bulk density and porosity of the scaffolds was determined using the Archimedes
method on a Mettler Toledo MS204 balance equipped with MS-DNY-4 density kit
(Mettler Toledo, UK). The dry, wet and submerged masses of the scaffolds were
measured, whilst recordings of the water temperature were also made between each
reading. These values were then used with Equation 4.6 to obtain the density of the
scaffold, which was used in Equation 4.7 to obtain the scaffold porosity. The bulk
densities of HA, Ti and Ti-6Al-4V used were 3156 [44], 4507 [411] and 4428 [411]
kg/m3 respectively.
4.2.6 Compression Testing
The strength of a material under compression is usually given as either the yield
stress or the Young’s modulus. It is readily possible to test a sample and obtain
the force required to cause failure [269, 271, 272, 277, 337, 412]. Knowledge of the
dimensions of the sample allows for the yield stress to be calculated using:
σ = F
A
(4.8)
where σ is the yield stress, F is the applied force at failure and A is the cross-
sectional area of the sample being tested. The Young’s modulus, E, is calculated
using:
E = σ
ε
=
F/A
∆L/L
(4.9)
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where ε is the strain of the material, which is calculated by dividing the change in
length of a sample, ∆L, by the original length L.
Experimental evaluation requires destructive testing of the sample, which can be ex-
pensive depending on the cost and time required to produce and test the structures.
Thus determination of the yield stress using non-destructive methods is important.
This can be undertaken using FEA of CT scans of the final structure [413–417], FEA
of the model used to fabricate ALM produced structures [418–420], or theoretical
calculations based on the porosity, pore size and strut size of the scaffolds [421,422].
Due to the expected presence of microporosity, microCT scanning of the samples
would be necessary and as some of the finer features can be beyond the maximum
resolution [270,274], FEA may not yield representative values.
The theoretical yield stress of a cellular solid under compression can be calculated
using the following equation:
σtheo
σ
= 0.2 · (ρscaffold
ρsolid
)3 1 + (
tp/ts)
3
2√
1− (tp/ts) 32
(4.10)
where σtheo is the theoretical compressive strength, ρscaffold/ρsolid is the relative den-
sity, tp/ts is the ratio of the pore to strut size and σ the yield stress of the bulk
material [421,423]. One major assumption with this however is that the structure is
stress and defect free prior to testing and as such does not allow for microporosity.
The strength of macroporous structures with microporosity has not been previously
evaluated, however the incorporation of a shape factor, µ0, into Equation 4.10 that
allows for such microstructure is expected to provide a suitable estimate. This is
calculated using the following equation:
µ0 =
pi
4 (1− tmtp )3
1− pi4 (1− tmtp )3
(4.11)
where tm/tp is the ratio of micropore to macropore size [424,425].
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4.2.6.1 Methodology
Compression tests were performed on cylindrical samples of 15mm height with
10mm diameter. To ensure that the surfaces were parallel, the scaffolds were cast
in machining wax, the structure cut to size and the wax removed using a low heat
(100 °C). The final height and diameter of the samples was measured using callipers
prior to testing. As the yield stress of the structure as a whole is of importance, no
allowance was made for the porous nature of the surface in contact with the test
rig.
The structures were loaded into a custom, in-house manufactured stainless steel
holder, designed to keep the scaffold in place during the test, on an Instron 5800R
machine (Instron, UK) equipped with a 1 kN load cell. In agreement with the
literature REFS, testing (n=5) was undertaken with a cross head speed of 2mm/min
on HA scaffolds produced from both templates with 5 coats and sintered to 1350 °C,
with two different porogen contents (0 and 25%) analysed. The results were then
correlated with the theoretical values calculated using Equation 4.10 to determine
the efficacy of using a non-destructive technique to analyse the compressive strength
of these scaffolds. For theoretical calculations, the yield stress of bulk HA, Ti and
Ti-6Al-4V was taken as 1.12 times the tensile strengths [426] of 40 [44], 328 [411]
and 795 [411] MPa respectively.
4.2.7 Error Calculation
Due to the relatively low number of samples (n=10 for pore/strut size measure-
ments, n=3 for porosity measurements), it was not appropriate to approximate the
error using the standard deviation of the measurements alone. Instead, it is more
applicable to calculate the standard error of the mean. For a set of n samples,
x = x1, x2, ... xn, the mean value, x¯ can be calculated using:
x¯ = 1
n
∑
xn (4.12)
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Furthermore, the standard deviation can be calculated using the sum of all the errors
squared. Theoretically, this involves subtracting the values from the true value, X,
however this is not known and as such it is appropriate to use the mean value as
a close approximation. Thus, the difference between the measured value and the
mean value is calculated:
di = xi − x¯ (4.13)
from which the standard deviation, SD, is calculated:
SD2 = 1
n
∑
d2i (4.14)
The standard error, σe, is then calculated using:
σe =
(
n
n− 1
)1/2
SD (4.15)
which enables the standard error of the mean, σer, to be calculated:
σer =
σe√
n
(4.16)
Calculations of the compressive strength involve multiplication, division and power
raising of variables with errors in them. The variables have been calculated indepen-
dantly, and as such the errors within each need to be treated as independant errors.
For calculation of a final quantity, Z, using independant variables, A, B, C, ..., the
error within Z, ∆Z, can be calculated depending on the relationships between the
variables:
Z = AB
Z = A/B
}
(∆Z
Z
)2
=
(∆A
A
)2
+
(∆B
B
)2
(4.17)
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Z = An} ∆Z
Z
= n∆A
A
(4.18)
where ∆A and ∆B are the standard errors of the mean of A and B respectively [427].
4.2.7.1 Methodology
For pore and strut size measurements as well as for porosity calculations, the mean
and standard error of the mean is calculated using Equations 4.12 and 4.16 respec-
tively. For the compressive yield stress, the maximum values were calculated using
the maximum strut size with the minimum porosity and pore size; the minimum
with minimum strut sizes and maximum porosity and strut sizes; and the average
using the average of each. Thus, Equation 4.12 was used to calculate the mean from
these three values. Calculation of the error however involves breaking Equation 4.10
into respective parts to incorporate the error within each variable. If the porosity
is denoted as A, the pore size as B and the strut size as C, ignoring all constants
and assuming the micropore size remains constant within each sample, then the
compressive yield stress, denoted by Z, can be expressed in terms of variables as:
Z = A3 · B
−3
B−3
· (B/C)
3/2[
(B/C)3/2
]1/2 (4.19)
Thus the error can be calculated using:
(∆Z
Z
)2
=
(
3∆A
A
)2
+
[(
−3∆B
B
)2
+
(
−3∆B
B
)2]
+
[(
3
2
[(∆B
B
)2
+
(∆C
C
)2])
+
(
3
4
[(∆B
B
)2
+
(∆C
C
)2])]
(4.20)
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4.2.8 Graphical Representations
For comparison of data between samples produced using different processing param-
eters, it is sometimes more appropriate to use graphical representation as opposed
to tables of data. This is particularly the case where there are trends within the
data. In such cases, the data is plotted as a scatter graph, with lines of best fit
included to show the trends between the data.
4.2.8.1 Line of Best Fit
If it can be assumed that one quantity, y, is a function of another, x, then
y = mx+ c (4.21)
The calculation of the slope of the line and the constant can be calculated using the
method of least squares. For a set of n measurements, (x1, y1), (x2, y2), . . . (xn, yn),
the deviation of the ith reading is
yi −mxi − c (4.22)
The best values for m and c are thus obtained by calculating the minimum value of
S =
∑
(yi −mxi − c)2 (4.23)
From this, it is possible to generate a set of simultaneous equations which solve to
show the line must pass through the point:
x¯ = 1
n
∑
xi y¯ =
1
n
∑
yi (4.24)
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and that
m =
∑(xi − x¯)yi∑(xi − x¯)2 (4.25)
c = y¯ = mx¯ (4.26)
Thus, the line of best fit can be plotted [427].
4.2.8.2 Methodology
Analysis was undertaken using Microsoft Excel 2010 (Microsoft, USA) with graphs
produced using OriginPro 8.5 (OriginLab Corporation, USA). The mean and stan-
dard error of the mean for each dataset was calculated using Equations 4.12 and
4.16. Scatter graphs were plotted using the calculated values and lines of best fit
calculated using the inbuilt function of OriginPro 8.5, which works in accordance
with theory outlined in Section 4.2.8.1. Graphs of data from scaffolds from the same
template and material are plotted on similar y-axis scales to observe the effects due
to varying specific parameters. It should be noted that, due to the samples being
coated multiple times prior to sintering, each dataset was taken from different sam-
ples, i.e. the pore and strut sizes of the sample produced with one coat was obtained
using one sample and the pore and strut sizes of the sample produced with two coats
from another, etc.. As such the line of best fit is used as a visual aid to show relative
trends and is not a direct correlation between variables.
4.2.9 Biological Testing
The biological suitability of a bioscaffold must be tested as part of FDA guidelines
and as a measure against other similar products. There are two main test areas:
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in-vivo and in-vitro. In-vitro tests are used as initial testing protocols that assess
the inherent nature of scaffolds to facilitate cell growth by testing the response of
cells when outside of their normal biological environment. Nevertheless, a scaffold
that seems suitable after such tests must still undergo a rigorous in-vivo procedure
to test the cell response within a normal biological environment by implantation in
a suitable host, such as mice or rabbits. As in-vivo testing will not be carried out
within this work, it will not be discussed here.
4.2.9.1 Cell Viability
Cells can be seeded onto scaffolds and their viability with time analysed. The
appropriate cells are isolated and placed into a suspension which is seeded onto
the scaffold. A wide range of cells are suitable for use in bone scaffold analyses,
with human osteoblasts, human embryonic mesenchymal cells, and pre-fibroblastic
or pre-osteoblastic cells the most popular. Measurements of the performance are
then taken according to a predetermined timescale.
There are many measures of cell viability used to analyse the cytotoxicity, cell via-
bility, attachment and proliferation characteristics, and protein expression of seeded
cells, with the most appropriate for bone scaffold analyses outlined below. Once
completed, statistical analysis of variance (ANOVA), outlined in Section 4.2.9.4,
of the results is undertaken with student’s T-test, Tukey’s Pairwise correlation or
Kolmogorov-Smirnov being the more commonly used methods.
Tetrazolium Salt Assays There are two types of tetrazolium salt assays com-
monly used: MTT and MTS assays. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay is a live/dead test used to determine the cyto-
toxicity of scaffolds immersed in SBF or seeded with cells. In the presence of live
cells, the yellow solution turns blue/purple due to the mitochondria of metabolically
active cells secreting dehydrogenase enzymes that cleave the tetrazolium ring and
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convert the MTT to a formazan. As the intensity of the colour is directly related to
the number of live cells, it is measured spectrophotometrically using a spectropho-
tometer [428]. It has been tested on a variety of cell types and provides rapid, precise
results without the need for radioisotopes which were previously used [428–432].
The main limitation with MTT assays is that the formazan solution must be dis-
solved in isopropanol for spectroscopy. This halts any further readings being taken
and thus the time frame for reduction must be carefully predetermined. This led
to two other tetrazolium salt reduction assays being developed: 2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-5-[(phenlyamino)carbonyl]-2H-tetrazolium hydroxide (XTT)
and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inert salt (MTS). Compared to MTS, XTT is limited by the instability
of the reagent and the speed of formazan production [433] and so is not discussed
further.
The MTS assay is based on the reduction of a tetrazolium salt to a formazan.
Specimens are placed in a medium containing the assay and an intermediate electron
acceptor, such as phenazine methosulphate (PMS). As with MTT, the coloured
formazan is proportional to the number of living cells; however the MTS formazan
is water soluble [433–435]. Problems have been observed with the evaporation of
the solution, yet this can be overcome through variations to the set-up time or time
of introduction of the assay [436].
Although the MTS assay can be used over the duration of a study, the MTT assay
is more commonly used as it is easier to perform and considerably (up to 50 times)
cheaper than either the XTT or MTS assays [437].
alamarBlue Assay The alamarBlue assay is a non-destructive test used to assess
the cytotoxicity of a sample. Upon introduction of the assay to live cells, the dye
undergoes a reaction to resorufin. This is correlated to the number of viable cells
using an oxidation-reduction indicator. The reduction of the dye causes a colour
75
CHAPTER 4. MATERIALS AND METHODOLOGY
change from a non-fluorescent blue to a fluorescent red, therefore spectophotometric
or fluorescence readings of the colour are taken at various time intervals [438–442].
As with MTS, the product is water soluble allowing daily monitoring of proliferation.
Furthermore, it does not affect the sterility of the culture, and alternative analytical
methods can be incorporated simultaneously. It is reliable, simple, non-radioactive
and compares well with other cytotoxicity assays for many cell types [440–444].
However, once the colour change has taken place, the dye is stable even upon removal
of cells, high levels may be cytotoxic and extracellular forms of alamarBlue may
underestimate the reduction [441,442].
Alizarin Red-S Assay The alizarin red-S assay is used to examine bone nodule
formation due to its reactivity with calcium and other cations. The seeding medium
is replaced with an alizarin red-S containing solution, with the amount of calcium
formed quantified spectrophotometrically after destaining [445–449]. It is generally
used in conjunction with other tests as it is not possible to determine the exact
cation causing the colour change. Furthermore, calcium based scaffolds can react
causing false readings [445].
Alkaline Phosphatase Assay Alkaline phosphatase (ALP) was one of the ear-
liest enzyme determination assays to gain widespread approval and is still regularly
used [450]. The release of ALP is a marker for early osteoblast differentiation and
thus highly useful in bone scaffold analysis. Seeded scaffolds are evaluated via the
introduction of a substrate, p-nitrophenyl phosphate (pNPP), that reacts with the
enzyme. Colourless in alkaline solution, this reacts with ALP to form a yellow
product, p-nitrophenyl, which is directly related to the amount of ALP present
and can be measured spectrophotometrically. It is a rapid, accurate technique and
has been developed to cope with large workload requirements for a range of cell
types [450–459].
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Ethidium-Bromide Assay Ethidium-bromide is a cytotoxicity assay that esti-
mates the levels of DNA and RNA. Ethidium bromide fluoresces due to the complex
formation of native nucleic acids, with the solution examined on an inverted fluo-
rescent microscope [460–463]. The major advantage with this assay is that live
and dead cells can be examined, as live cells fluoresce green, whilst non-viable cells
become red.
4.2.9.2 Dissolution Analysis
The effect of calcium (Ca2+) and phosphate (PO43-) ions on bony growth has been
extensively studied in-vitro [464–468] and in-vivo [465, 469, 470]. Increased solubil-
ity of apatitic implants leads to more pronounced de-novo growth [466] due to the
mechanisms behind regeneration. Firstly, there is dissolution of Ca2+ and PO43-,
followed by reprecipitation onto the implant of either the dissolved ions or cells
summoned to the area due to the dissolution. The interface then undergoes a pe-
riod of ion exchange and structural rearrangement before interdiffusion between the
surface boundary layer and the implant. The local environment then causes the de-
position of either a mineral or organic phase onto the surface which slowly becomes
integrated [464,469,471,472].
The rate of dissolution is affected by many factors [465]. Firstly, the calcium:phosphate
ratio of the apatite leads to different dissolution rates [465,466], with, for example,
HA being more stable than TCP, which is more stable than OCP [465, 466, 470].
Secondly, increased crystallinity decreases the solubility due to a reduction in the
presence of defects [465, 467, 470]. Thirdly, additives affect the crystal structure,
causing an increase (carbonate, silicate or strontium in HA) or decrease (fluoride in
HA; magnesium or zinc in TCP) in the solubility [465,472]. Finally, macro and mi-
croporosity affect dissolution as structures with a higher surface area have a greater
number of localities at which ionic exchanges can take place [465,470].
The main role of Ca2+ in bone formation is to stimulate osteoblast proliferation and
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inhibit osteoclast resorption [467, 473]; PO43- induces preprogrammed cell death
(apoptosis) in osteoclasts and osteoblasts, causing the amalgamation of new bone
cells [474]. The level of apoptosis enhanced when both ions are present. As os-
teoblasts mature, osteoclast formation decreases and ALP activity increases; during
ALP synthesis, PO43- ions are cleaved from β-glycerol phosphate and thus PO43-
is also related to bone mineralization [468, 475–478]. Finally, PO43- plays a role in
regulating osteopontin [467,468,476–478], a non-collagenic protein found in bone as
well as non-osteoblastic cell types, including smooth muscle cells, murine kidney cells
and pre-fibroblasts [476, 478]. In such cases, increased osteopontin has been linked
with calcification diseases such as arterial plaque and kidney stone formation [478].
There are various routes for determining the level of Ca2+ in solution, including
atomic absorption spectroscopy [479, 480], the use of calcium electrodes [470] or
colorimetric assays. Of the spectophotometric assays, the o-cresolphthalein com-
plexone, a metal complexing dye, is the most sensitive and specific [481, 482]. The
molybdenum blue assay is used for PO43- determination. This is based on the forma-
tion of molybdophosphoric acid from molybdate and phosphate in an acidic solution
and the subsequent reduction to a blue heteropoly compound [481,483–487].
4.2.9.3 Assay Evaluation
Once seeded and subjected to one of the aformentioned assays, analysis involves
either viewing the cells fluorescence or confocal microscopy, or taking quantitative
measurements using spectophotometry.
Fluorescence Microscopy Objects that emit light shortly after absorbing light,
which is typically of a shorter wavelength, are said to fluoresce [488, 489]. Filtering
to remove the exciting light enables the observation of only the fluorescing objects.
Hence, fluorescence microscopes are used to observe objects that fluoresce. The
specimen is illuminated with one wavelength and the returning light is filtered to only
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allow the emitted light to be observed [488]. Single-photon or two-photon excitation
can be used, with one-photon techniques using UV or visible light and two-photon
processes using less energetic photons that are simultaneously absorbed [489].
Confocal Microscopy Confocal microscopy combines light or fluorescence mi-
croscopy and confocal imaging and is used to determine the location of cellular
components within cells or tissues [490]. It offers greater focus than is obtainable
via light microscopy by replacing the microscope condensor with a lens identical to
the objective lens, and limiting the field of illumination with a pinhole. The spec-
imen is scanned with a point of light, with variations captured using photoelectric
cells. Increased resolution is obtained as the use of a pinhole means the image is
free from out of focus fluorescence [490–492].
Multiple structures can observed using multiple labeling imaging. Each fluorochrome
is illuminated by appropriate laser lines, with different filters used to prevent bleed-
ing of the colour between the different chanels. These can be merged onto a single
image to observe the relationships between the different structures [491,492].
Spectophotometry Spectroscopy measures the interaction of molecules with elec-
tromagnetic radiation, generally in the UV or visible range of light [493,494]. Spec-
tophotometers emit light that is optically filtered and directed at the sample, with
the amount of light that passes through detected. It is very sensitive, non-destructive
and only a small amount of material is required [493, 494]. The most suited spec-
troscopic method for the aforementioned assays is adsorption spectroscopy, which
enables quantitative measurements to be obtained as the absorbance of a solute
depends linearly on its concentration [493].
4.2.9.4 Statistical Analyses
The determination of whether what is being analysed has statistical significance
and thus can be taken as a reliable result is important in many characterisations.
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There are numerous techniques that enable this, however only those used regularly
in biological assays for bone scaffolds are analysed here.
Analysis of Variance (ANOVA) ANalysis Of VAriance (ANOVA) groups pa-
rameters into populations to evaluate the variance of each component [495,496]. In
the most basic form, this is achieved by subtracting the sum of squares (SS) from
each of the populations from the total sum of squares, leaving the residual sum of
squares [496–498]. Finally, the mean sum of squares (MS) is calculated by dividing
the sum of squares by the degrees of freedom.
For a model of sample size, n, with k parameters which can be described as:
Xij = µi + eij (1 ≤ i ≤ n, 1 ≤ j ≤ k) (4.27)
where the eij are independently distributed random variables n(0, σ2) and µi is the
mean of the ith treatment, the mean squares for error (MS(E)) can be expressed as
MS(E) = σ2 = 1
n− I
n∑
i=1
k∑
j=1
(Xij − X¯ij)2 (4.28)
where X¯ is the mean of the variables. This forms the basis from which other, more
complex analysis techniques are derived, that are discussed below.
Student’s T-Test The Student’s T-test is one of the most common statistical
methodologies used to construct the confidence interval or for hypothesis testing.
The method assumes that the sample is from a normal distribution [499] and where
X1, X2, . . . , Xn,are independent and identically distributed random variables with
mean µ and variance σ2. The following variables are calculated:
X¯ = 1
n
n∑
i=1
Xi (4.29)
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s2n =
1
n− 1
n∑
i=1
(Xi − X¯)2 (4.30)
v =
n∑
i=1
Xn − n (4.31)
where sn is the pooled variance and v is the number of degrees of freedom of the
sample. The Student’s T-statistic, tn is calculated [499–501] using:
tn =
√
n
X¯ − µ
sn
(4.32)
Once the T-statistic and the number of degrees of freedom are known, the probability
(Pr) value can be calculated using the Gayen method [502–504]. Although not
detailed here, this method has resulted in the publication of tables that enable the
simple calculation of Pr, such as in [502]. The resulting probability is the likelihood
of a sample being within the variance for other samples from the same variable
set [499,502].
Tukey’s Pairwise Comparison For a standard ANOVA model, Equation 4.27,
Tukey [505] proposed a procedure to determine the confidence interval (1− a) pro-
vided all the sample sizes, ni are equal, n:
1− a = Pr
{
µi − µj ∈
[
Xi −Xj ± q(n)k,v
S√
n
]
; 1 ≤ i, j ≤ k
}
(4.33)
where q(n)k,v is the upper point of the studentized range distribution with parameter
k and v degrees of freedom, and S is the pooled estimate of the common variance.
Furthermore, this can be modified for unequal sample sizes by replacing 1/√n with
[(1/ni + 1/nj)/2]1/2 [505–510].
It is a test enabling comparisons to be made between treatments in a k-treatment
experiment [505, 507, 508, 510]. Normality of the parent population is assumed and
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differences between the pairs of the means must have the same population variance
[511]. However, in cases where pooling of the sample variance is inappropriate, S
can be replaced by
(
s2i + s2j
)
[508,512].
Kolmogorov-Smirnov The Kolmogorov-Smirnov test is used to analyse whether
observations are from a completely specified continuous distribution by analysing
the agreement of a distribution of a set of sample values and theoretical distributions
in a goodness of fit test. For a sample of n observations,
D = maxx | F (X)− Sn(X) | (4.34)
where Sn(X) is the sample cumulative distribution function and F (X) is the cumu-
lative normal distribution function [513–519]. If the value of D exceeds the critical
value, as can be obtained from tables such as in [513–516,520], the hypothesis that
the observations are from a normal population is rejected.
4.2.9.5 Methodology
The biological testing and analysis was undertaken in two sections. Preliminary
tests were undertaken by colleagues at the University of Sheffield (Department of
Materials Science and Engineering) on scaffolds produced without any porogen in-
clusion during manufacture to assess their viability against a commercially available
scaffold. Once this had been undertaken, further tests were carried out by the author
at the University of Birmingham (TRAILab, Department of Chemical Engineering)
to compare the biological performance between scaffolds with and without porogen.
Preliminary Tests Hydroxyapatite scaffolds produced without porogen using the
45 and 90 ppi templates, and sintered to 1350 °C were cut into fragments of 10mg and
sterilized in 70 vol.% ethanol (Fisher, UK). Cells from the MG-63 cell line (ATTC-
LGC standards, UK) were cultured in monolayer up to passage 65 in Dulbecco’s
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Table 4.7: Data of CellSupports porous HA discs as provided by manufacturer
Composition 100% HA
Macroporosity 50-65%
Pore Size 200-300 μm
Strut Size 30-120 μm
Pore Interconnectivity >95%
Modified Eagle’s Medium (DMEM)(Lonza, Belgium) supplemented with 10 vol.%
foetal bovine serum (FBS)(Labtech, UK), 1 vol.% Penicillin (105 U/L) / Strep-
tomycin solution (0.1 g / L) (Pen/Strep)(Sigma Aldrich, UK), 1 vol.% L-glutamine
(2X10-3M, Sigma Aldrich, UK) and 0.25 vol.% fungizone (0.25 g /L, Sigma Aldrich,
UK). Scaffolds were seeded with 1X106 cells and completely submerged in medium.
Controls were created by following the same procedure with commercially available
porous HA discs (CellSupports, UK), detailed in Table 4.7 and by seeding cells
directly onto tissue culture plastic to act as the 100% marker.
Cell viability was measured after 1, 4 and 7 days using resazurin which increases
in fluorescence during metabolism of cells. Briefly, the seeding medium was re-
moved and replaced with 1mL of medium containing 1X10-4M resazurin powder
(Sigma Aldrich, UK). This was incubated for 3 hrs and the resazurin containing
medium changed back to supplemented DMEM, with the fluorescence of the re-
trieved medium from all samples determined spectrofluorometrically (excitation =
540 nm; emission = 635 nm). Fluorescence was expressed relative to cells seeded on
tissue culture plastic measured at day 1.
For examination with confocal microscopy, samples were fixed after 1 day using a
3.7wt.% solution of formalin (Sigma Aldrich, UK). Cell membranes were permeabi-
lized by incubation in a 1:100 dilution of Triton-X (VWR, UK) for 15mins, washed
and stained with a solution containing 1 μg/mL 4’,6-diamidino-2-phenylindole (DAPI)
(Invitrogen, UK), staining cell nuclei blue, and 0.5 μg/mL Phalloidin, Tetramethyl-
rhodamine B isothiocyanate (Phalloidin-TRITC) (Sigma Aldrich, UK), which stains
the actin component of the cell cytoskeleton red. Constructs were imaged at the
Kroto Research Institute Confocal Imaging Facility, using a LSM510 Meta upright
83
CHAPTER 4. MATERIALS AND METHODOLOGY
confocal microscope (Zeiss, Germany), with DAPI visualized using two-photon ex-
citation at 800 nm using a Ti:sapphire laser and Phalloidin-TRITC visualized using
single-photon excitation at 543 nm.
Further Analysis Due to the large number of scaffolds produced, it was not
deemed economically or temporally feasible to analyse all scaffolds. To test the
hypothesis that the inclusion of a porogen impacts upon the cell growth on the
scaffolds, the HA scaffolds that could be most readily handled were analysed. Thus,
those produced with 5 coats of the slurry and sintered to 1350 °C were chosen, with
both the 45 and 90 ppi foams analysed.
Cell Culture To further assess the biocompatibility of the ceramics, cell via-
bility over a period of time was measured using a live/dead assay; a tetrazolium
salt (MTT) assay; a measure of the metabolic activity of ALP; and of the disso-
lution of calcium ions from the scaffold into the surrounding culture medium. HA
scaffolds produced using AFR were cut to 10mm diameter with 3mm height and
sterilized in 70 vol.% ethanol (Fisher, UK). 3T3 cells (NIH, Sigma Aldrich, UK)
were cultured in monolayer up to the 23rd passage in DMEM (Sigma Aldrich, UK),
supplemented with 10 vol.% bovine serum (Sigma Aldrich, UK), 2 vol.% L-glutamine,
1 vol.% Pen/Strep and 2.4 vol.% 4-(2-hydroxyethyl)-1-piperazine-1-ethanesulfonic acid)
(HEPES) buffering solution (Fluka, UK) whilst MC3T3 (European Collection of
Cell Culture (ECACC), Sigma Aldrich, UK) cells were cultured in monolayer up to
the 18th passage in similarly supplemented media. Cells were diluted at 1:1 with
Trypan Blue (Sigma Aldrich, UK) for counting using a Countess® Automated Cell
Counter (Invitrogen, UK), using disposable Countess® cell counting chamber slides.
Due to the relative versatility of 3T3 cells, a more complete analysis was undertaken
on scaffolds seeded with these cells, however as they are of fibroblastic lineage it was
also important to analyse some scaffolds seeded with cells from the osteoblastic
MC3T3 line. The scaffolds selected for this analysis were those produced from 45
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and 90 ppi templates, with 5 coats, sintered to 1350 °C and with 2 camphene contents
(0 and 25%).
Live/Dead Cell Viability Cell viability was analysed using a live/dead assay
using CalceinAM (Invitrogen, UK) and propidium iodide (PI)(Invitrogen, UK),
similar to the ethidium bromide assay outlined in Section 4.2.9. CalceinAM is con-
verted to the fluorescent calcein dye by intracellular esterases in live cells. However,
PI can not permeate the membranes of live cells and instead fluoresces in the pres-
ence of nucleic acids and is used to identify dead cells. Briefly, 2.5X 105 3T3 cells
were seeded onto each scaffold in 24-well tissue culture treated plates and incubated
for 1 and 3 days. To assess the viability, the media was removed and the scaffolds
washed with posphate buffered solution (PBS)(Sigma Aldrich, UK), before 3mL of
PBS containing 10 μg/ml calcein AM and 10 μg/ml PI was added and incubated for
30mins. Analysis was undertaken using an Axiolab microscope (Zeiss, Germany),
connected to an Axiocam ICM-1 camera (Zeiss, Germany) with excitation/emission
at 488 nm/525 nm for calcein AM and 525 nm/620 nm for PI. Analysis was under-
taken using Zen software (Zeiss, Germany).
MTT Assay The number of viable 3T3 and MC3T3 cells was quantified using
the MTT assay after 1, 4 and 7 days. Scaffolds (n=9) were seeded with 2.5X 105
cells in 24-well tissue culture treated plates, with 5mL supplemented media added
to completely submerge the scaffold. MTT reagent (Sigma Aldrich, UK) was added
at 10 vol.% (0.5mL) of the culture media, and incubated at 37 °C for 4 hrs. The
formazan crystals were dissolved via the addition of 5mL 0.1N acidic isopropanol
(isopropanol (≥99.5%, Sigma Aldrich, UK) /hydrochloric acid (HCL)(37%, Sigma
Aldrich, UK)) for 45mins, with gentle agitation every 15mins. Samples of the solu-
tion were then transferred to a 96-well plate where they were diluted appropriately
for accurate measurements at 570 nm using a Glomax® -Multi Detection System
spectrofluorometer (Promega, UK).
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ALP Assay To determine the level of osteogenic differentiation, 2.5X 105 cells
were seeded onto each scaffold in 24-well tissue culture treated plates and additional
media added to completely submerge the scaffolds. Media was changed every 3 days,
with ALP activity measured at 1, 4 and 7 days following the manufacturer’s protocol
provided with a SensoLyte ® pNPP Alkaline Phosphatase Assay Kit *Colorimetric*
assay kit (Anaspec, Cambridge Bioscience, UK).
The optimal route for removal of cells from the scaffolds was analysed using three
techniques. The first involved removing the scaffolds (n=9) from the media, washing
them in PBS and submerging them in TrypLETM Express (1X) dissociation agent
(Gibco, UK). After incubation for 5mins, the TrypLE was mixed with an equivalent
amount of media and centrifuged at 1000 rpm for 3mins. The supernatant was
removed, and the cell pellet homogenised using the lysis buffer provided in the kit,
incubated for 10mins under agitation at 4 °C and centrifuged at 2500G for 10mins
at 4 °C. The second method was identical to the first except that rather than adding
the lysis buffer directly to the cell pellet, the cells were resuspended in a small
amount of media prior to homogenisation. In the final method, the scaffolds were
washed with and then submerged in the lysis buffer. The cell suspension was then
collected, incubated under agitation for 10mins at 4 °C and centrifuged at 2500G
for 15mins at 4 °C.
Once the optimal technique for removing the cells from the scaffolds had been de-
termined, this was used for all subsequent analyses. After centrifugation the super-
natant was collected for the assay; 50 μL was transferred to a 96-well plate, to which
50 μL alkaline phosphatase dilution buffer was added and incubated for 45mins.
Finally, 50 μL of the stop solution was added, the plate shaken on a plate shaker
for 1min and the absorbance measured at 410 nm on the Globax® -Multi Detection
System.
Dissolution Assay To determine the level of calcium dissolution, the calcium con-
tent of the culture solution was measured after 1, 4 and 7 days following the manufac-
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turer’s protocol provided with a Cayman Chemical Calcium Assay kit (Cambridge
Bioscience, UK). Briefly, scaffolds were sterilised in 70 vol.% ethanol and submerged
in 2mL PBS (n=9) or DMEM (n=9). For analysis, the scaffold was removed, the
solution mixed and 10 μL PBS or 5 μL DMEM was placed in a 96 well plate. The
scaffold was then returned to the solution from which it had been removed. The
DMEM solution was diluted using 5 μL of the buffer solution included in the kit.
Finally, 100 μL of the reagant was added to the solutions, the plate shaken for 30 s
on a plate shaker and incubated for 5min at room temperature before reading at
570 nm on the Globax® -Multi Detection System.
Statistical Analysis All statistical analyses were carried out using Students T-
test (Equation 4.32) and Tukey’s Pairwise Correlation (Equation 4.33) as outlined
in Section 4.2.9.4.
4.2.10 Summary of Characterised Samples
A complete list of which samples were subjected to the different characterisation
techniques is shown in Table 4.8, with samples described using the same annotation
as used in Section 4.1.4. All scaffolds were evaluated using SEM and porosimetry and
the yield stress was calculated theoretically. Selected samples at each temperature
were evaluated using XRD to determine the effect of the sintering temperature on
material composition. Furthermore, the viability assays were undertaken on selected
samples, with microCT only undertaken on samples manufactured under the same
conditions. In all cases, scaffolds produced from both templates were evaluated.
Furthermore, raw powders for each biomaterial were subjected to XRD and SEM,
whilst samples of each of the slurries with the different biomaterials and different
porogen contents were evaluated using STA.
87
CHAPTER 4. MATERIALS AND METHODOLOGY
Ta
bl
e
4.
8:
Li
st
of
w
hi
ch
sa
m
pl
es
we
re
su
bj
ec
te
d
to
th
e
di
ffe
re
nt
ch
ar
ac
te
ris
at
io
n
te
ch
ni
qu
es
X
R
D
SE
M
m
ic
ro
C
T
Po
ro
sit
y
T
he
or
et
ic
al
Y
ie
ld
St
re
ss
M
ec
ha
ni
ca
l
Te
st
in
g
Bi
ol
og
ic
al
Ev
al
ua
tio
n
H
A
12
50
3c
H
A
12
50
4c
10
H
A
13
00
3c
H
A
13
00
2c
25
H
A
13
50
3c
H
A
13
50
1c
20
T
i1
00
03
c
T
i1
00
01
c2
5
T
i1
10
03
c
T
i1
10
03
c2
5
T
i1
20
03
c
T
i1
20
04
c1
0
T
i1
30
03
c
To
13
00
5c
5
T
64
12
00
3c
T
64
12
00
4c
10
T
64
12
50
3c
T
64
12
50
3c
25
T
64
13
00
3c
T
64
13
00
3c
20
A
ll
H
A
13
50
5c
H
A
13
50
5c
5
H
A
13
50
5c
10
H
A
13
50
5c
20
H
A
13
50
5c
25
A
ll
A
ll
H
A
13
50
5c
H
A
13
50
25
c
H
A
13
50
5c
H
A
13
50
5c
5
H
A
13
50
5c
10
H
A
13
50
5c
20
H
A
13
50
5c
25
88
CHAPTER 4. MATERIALS AND METHODOLOGY
4.3 Summary
This chapter provides a brief summary of the methodologies implemented in this
PhD. Processing of the scaffold using AFR is detailed, with a particular emphasis on
the paramaters varied. The theory behind relevant techniques used to characterise
the raw materials and as-produced scaffolds is described as well as the methodology
implemented. STA is used to analyse the thermodynamic properties of precursor
materials; optical microscopy, SEM, microCT and XRD and can be used on both
the precursors and final scaffolds to determine the structure, in terms of nature of
pores and material; porosimetry provides information on the porous nature of the
sample; compression testing evaluates the mechanical suitability of the scaffold; and
biological testing is used to determine how the structure will react to the bodily
environment.
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Chapter 5
Precursor Characterisation
5.1 Foam Characterisation
5.1.1 Foam Sizes
The manufacturers information stated that the foams provided for use in this work
have an average number of pores per inch (ppi) of 20, 45 or 90. From this the
theoretical value of the pore size can be determined using:
Pore size (µm) = 25.4
ppi
× 1000 (5.1)
This relates to pore sizes of 1270, 564 and 282 μm for the 20, 45 and 90 ppi foams
respectively. To verify this, samples of the foam were analysed using SEM, with
examples shown in Figure 5.1. The as measured pore sizes for the 20, 45 and
90 ppi foams are 1221± 59, 622± 28 and 235± 7 μm, with struts of 223± 7, 95± 3
and 39± 0.9 μm respectively. The average and standard error of the mean of the
measured values is given in Table 5.1, along with their predicted size. The 20 ppi
foam will not be used further as the pore and strut sizes are outside of the accepted
range required for regrowth.
5.1.2 Foam Thermal Properties
The thermal properties of the foam were measured using STA. As shown in Figure
5.2, the foam begins crystallisation at 50 °C, followed by the onset of melting at
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(a) SEM micrograph of the 20ppi foam
(V=15kV; WD=12.7mm; mag=25x)
(b) SEM micrograph of the 45ppi foam
(V=15kV; WD=18.8mm; mag=25x)
(c) SEM micrograph of the 90ppi foam
(V=15kV; WD=16.8mm; mag=25x)
Figure 5.1: SEM micrographs of the as-received foam templates
Table 5.1: Average ±σer (n=10) pore and strut sizes of the foams, along with their
predicted pore size
20 ppi 45 ppi 90 ppi
(μm) Pore
Size
Strut
Size
Pore
Size
Strut
Size
Pore
Size
Strut
Size
Average 1221
± 59
223
± 7
622
± 28
95
± 3
253
± 7
39
± 0.9
Predicted Pore Size 1270 564 282
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Figure 5.2: STA thermogram of PU foam, heated to 500 °C at 10 °C/min shows a
phase change at 50 °C, followed by a further change at 300 °C, whilst most of the
weight is removed. The red line indicates the DTA reading, whilst the blue line
shows the TG data.
300 °C. The peak assoicated with this, at 450 °C, coupled with the dramatic weight
loss, indicates that when held at the prescribed holding temperature of 500 °C, as
outlined in Section 4.1.3, all foam will be pyrolised.
5.2 Precursor Crystallography
The indexed XRD of the raw HA powder matched the standard HA COD reference
pattern (96-230-0274) and thus the raw material is predominantly phase pure hy-
droxyapatite, although there is also some monetite present. The indexed XRD of the
as-recieved TiH2 powder strongly matched the reference pattern (04-001-6850) for
TiH2 on the Powder Diffraction File (PDF) 4+ (International Centre for Diffraction
Data (ICDD), USA), confirming the phase purity of the raw material. The pattern
of the raw Ti-6Al-4V powder matched the standard reference for α-Ti (96-900-8518),
with peaks also matching those of β-Ti (96-901-1601) indicating that this was also
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Figure 5.3: XRD plot of raw HA powder with COD standard reference patterns for
HA (96-230-0274) and Monetite (96-900-7620)
pure. Plots of HA, TiH2 and Ti-6Al-4V are given in Figures 5.3, 5.4, and 5.5 re-
spectively, with estimates of the composition as obtained using peak intensity, peak
area and semi-quantitative analyses shown in Table 5.2.
Compositional analysis was undertaken using the three methodologies. The analysis
performed using the HighScore program theoretically gives perfect results [521] and
hence allows for the exact composition of the material to be determined [388,389,521,
522]. In practice, this is not realised due to two main reasons. Firstly, the analysis is
based on the relative intensity of the peak heights, and assumes that all peaks have
the same FWHM [521]. This is not always the case, and as such a more accurate
determination of the phase composition is carried out using analysis of the peak area
[522]. Secondly, the relative intensity of each phase is given by a ’scale factor’. To
counteract any affects caused by the texture of the material, HighScore determines
the scale factor with a least squares fit through all matching reference pattern lines
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Figure 5.4: XRD plot of raw TiH2 powder, with ICDD standard reference pattern
for TiH2 (04-001-6850)
Table 5.2: Compositional estimation of raw HA and Ti-6Al-4V as evaluated using
peak intensity, peak area and HighScore semi-quantitative analyses. TiH2 has not
been included as there is no COD reference pattern against which to match it
Raw
Material
Analysis Method HA
(%)
Monetite
(%)
α-Ti
(%)
β-Ti
(%)
HA
Peak Intensity 67 33 - -
Peak Area 89 11 - -
Semi-
Quantitative
64 36 - -
Ti-6Al-4V
Peak Intensity - - 94 4
Peak Area - - 60 40
Semi-
Quantitative
- - 72 28
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Figure 5.5: XRD plot of raw Ti-6Al-4V powder, with COD standard reference
patterns for α-Ti (96-900-8518) and β-Ti (96-901-1601)
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as opposed to considering solely the measured intensity of the strongest line [521].
As seen in Table 5.2, there are some discrepancies between the values obtained
using the different methods. For example, the peak intensity and semi-quantitative
analyses provide similar values for the composition of the raw HA powder, of 67
and 64% HA and 33 and 36% monetite respectively, however the peak area analysis
suggests the proportion of HA is much higher, at 89%. This corresponds more closely
with the manufacturers information, stating the raw powder is approximately 90%
pure HA, suggesting that it is more appropriate to use the peak area analysis for
compositional calculation, as has been described by others [522]. Thus, sample
composition is estimated using peak area analysis in all further analyses.
5.3 Precursor Particle Sizes
The initial particle size of biomaterial components is of interest as smaller parti-
cles can be more closely packed and hence can enable smaller pores. They are
also of interest with respect to freeze cast slurries as larger particles can sediment
within the processing time scale. The as measured, and where available manufac-
turers’ information, is given in Table 5.3, with micrographs shown in Figure 5.6.
Due to the number of particles measured, the standard deviation was calculated,
using Equation 4.14, as opposed to the standard error of the mean. HA particles
were the smallest at 1.0 ± 0.4 μm, whilst TiH2 particles were the next size, at 14
± 3 μm, although this was not significantly different from the 500- mesh Ti-6Al-4V
particles, 15 ± 5 μm. The range observed for all Ti-6Al-4V powders was within the
size specified by the manufacturer, however there was no real difference between
the average sizes of the 325- and 400- mesh, of 33 ± 11 and 32± 5 μm respectively.
Furthermore, the particle size was confirmed using a laser diffraction particle sizer,
with close correlation to the analysis undertaken using SEM measurements for ti-
tanium based materials: the slight overestimation observed is likely to have been
caused by the laser analysis using the volume measurements taken to generate an
equivalent particle size diameter. As the particles are not spherical, this is likely to
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have led to the minor variations observed. There was some difference however with
the measurements for HA; this is due to the bimodal particle size distribution, as
shown in Figure 5.7.
Table 5.3: Mean and standard deviation of particle sizes for the as recieved bioma-
terial powders. For the Ti-6Al-4V powders, the manufacturers information is also
stated
HA TiH2 Ti-6Al-4V
(μm) 325-
mesh
400-
mesh
500-
mesh
SEM
n 30 30 20 20 20
Mean 1.0 14 33 32 15
Standard
Deviation
0.4 3 11 5 5
Laser
Diffraction
Mean 16 15 49 29 19
Standard
Deviation
18 9 18 14 8
Manufacturers
Information
n/a n/a 40.3 25.6 15.5
5.4 Slurry Thermal Characteristics
STA was undertaken on HA slurries up to 1450 °C as this is the temperature at
which it is expected to have started undergoing a phase transformation from HA
to β-TCP or biphasic calcium phosphate [280, 523]. As shown in Figure 5.8, there
is an initial endothermic reaction as the water is removed from the slurry, with an
associated decrease in weight. Furthermore, all components of the slurry other than
HA are removed by around 300 °C, as seen by the lack of any changes on the TGA
thermogram. The sample then consolidates above 800 °C, until a further exothermic
peak at 1200 °C due to crystallisation. The samples run for this work exhibited no
phase transformations within the range given, hence sintering temperatures within
this range are suitable.
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(a) SEM micrograph of HA particles
(V=25kV; WD=10.7mm; mag=10000x)
(b) SEM micrograph of TiH2 particles
(V=25kV; WD=10.6mm; mag=1000x)
(c) SEM micrograph of Ti-6Al-4V (325
mesh) particles (V=25kV; WD=19.4mm;
mag=1000x)
(d) SEM micrograph of Ti-6Al-4V (400
mesh) particles (V=25kV; WD=19.5mm;
mag=500x)
(e) SEM micrograph of Ti-6Al-4V (600
mesh) particles(V=25kV; WD=19.5mm;
mag=1000x)
Figure 5.6: SEM micrographs of as-received precursor biomaterial powders
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(a) Particle size analysis of HA powder (b) Particle size analysis of TiH2 powder
(c) Particle size analysis of 325- mesh Ti-6Al-
4V powder
(d) Particle size analysis of 400- mesh Ti-
6Al-4V powder
(e) Particle size analysis of 500- mesh Ti-6Al-
4V powder
Figure 5.7: Particle size analysis of as-received precursor biomaterial powders
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Figure 5.8: STA thermogram for the hydroxyapatite slurry containing no porogen,
heated to 1450 °C at 10 °C/min. The red line indicates the DTA reading, whilst the
blue line shows the TG data.
As for the DTA-TG thermogram of HA slurries, the thermograms of the TiH2 and
Ti-6Al-4V, shown in Figures 5.9 and 5.10 respectively, slurries also indicated cam-
phene melting and all components of the slurry except the biomaterial burning off
by 300 °C. This was indicated by an inital endothermic reaction that was accom-
panied by an associated weight loss. Both slurries were heated up to 1450 °C and
whilst no further changes were observed in the Ti-6Al-4V slurry, the TiH2 thermo-
gram exhibited a further exothermic peak just above 550 °C indicating the onset of
hydride decomposition.
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Figure 5.10: STA graph for the titanium-aluminium-vanadium slurry containing no
porogen, heated to 1450 °C at 10 °C/min. The red line indicates the DTA reading,
whilst the blue line shows the TG data.
Figure 5.9: STA graph for the titanium hydride slurry containing no porogen, heated
to 1450 °C at 10 °C/min. The red line indicates the DTA reading, whilst the blue
line shows the TG data
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5.5 Summary
The biomaterials that will be used throughout this work have been investigated to
determine the most appropriate parameters for scaffold fabrication. Foam templates
were obtained with three pore sizes, however only the 45 and 90 ppi templates will
be used as the 20 ppi template has pore sizes outside of the predetermined range.
Furthermore, the thermal properties have been investigated to confirm whether
the holding temperature previously hypothesised is suitable to fully remove the
template. The particle size of the raw biomaterials has been investigated, with
increasing particle sizes through HA, Ti, Ti-6Al-4V 500-, 400-, and 325- mesh.
The crystallographic composition of these materials has been investigated, with
HA containing some monetite, whilst TiH2 and Ti-6Al-4V were found to have no
impurities. Finally, the effects of heating the biomaterial slurries was investigated
by STA, which showed all components of the slurry being removed, followed by the
crystallisation of HA-based slurries and the decomposition of TiH2-based slurries.
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Chapter 6
Hydroxyapatite
The results of analysing the different processing parameters as described above are
given here. This chapter explicitly deals with the results obtained when hydrox-
yapatite was used as the biomaterial. Furthermore, the discussions in this chapter
solely relate to HA structures, with a discussion of the technique in general given in
Chapter 8.
Where graphical representation of results is shown, tables of the raw data are given
in Appendix A. As previously mentioned in Section 4.2.8, datasets are obtained
from different samples and as such trend lines are used as a visual aid and not as
interpretation of the data.
6.1 Crystallography of Sintered Constructs
The indexed raw material, Section 5.2, is predominantly hydroxyapatite with some
monetite. The indexed XRD of the powdered scaffolds sintered to 1250 and 1300 °C
matched the COD reference pattern of whitlockite (Ca9Mg0.7Fe2+0.5(PO4)6(PO3OH))
(96-901-2137), a calcium deficient form of hydroxyapatite. The samples sintered to
1350 °C strongly matched the standard of HA, with further peaks matching those
of whitlockite. Furthermore, the significantly sharper nature of the peaks after sin-
tering compared to those of the raw powder indicated that the material became
more crystalline, with the results shown in Figure 6.1. The samples sintered to 1250
and 1300 °C were found to be 100% whitlockite, whilst that sintered to 1350 °C was
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estimated to be 91% HA and 9% whitlockite. All compositional estimates are given
in Table 6.1.
Table 6.1: Composition of raw powder and samples sintered to 1200, 1250 and
1350 °C as estimated using peak area analysis
Analysis Specimen HA
(%)
Monetite
(%)
Whitlockite
(%)
Peak Area
Raw
powder
89 11 -
1250 °C - - 100
1300 °C - - 100
1350 °C 91 - 9
6.1.1 Discussion
The results of the slurry thermal characteristics, Section 5.4, indicated that all
components of the slurry except for HA were burnt off by around 300 °C and that
further heating up to 1400 °C did not elicit any phase transformations. However,
XRD of powdered sintered scaffolds indicated at least a partial phase change at
all sintering temperatures used to whitlockite [524, 525]. Whereas HA has a cal-
cium:phosphate ratio of 1.67, that of whitlockite is 1.5, similar to TCP. The re-
duction in calcium content is due to the partial replacement of calcium ions by
magnesium and iron [524–526], with any structural changes exacerbated at high
temperatures [526]. Although the more common phase change observed [527,528] is
from HA to a combination of HA and TCP (biphasic calcium phosphate (BCP)), it
is thought that the use of water that has been filtered but not deionized introduced
the impurites and caused the observed changes to the structure. Whitlockite is more
similar to the natural apatitic phase of bone due to the presence of metal ions found
naturally within the human body and thus is not expected to have a detrimental
effect on the biological functionality of the scaffolds.
HA becomes unstable above 1000 °C due to the partial loss of hydroxide groups [225,
523, 529]. At this temperature, it begins decomposing, firstly to oxyhydroxyapatite
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(OHAP) and then, at temperatures above 1360 °C, OHAP decomposes to TCPM or
TCP, [280, 523], with the phase diagram for a selected range of calcium phosphate
systems sintered to high temperatures shown in Figure 6.2. OHAP is gradually
rehydrated as the temperature cools to reform HA and TCP [523], however the ion
replacement observed in this work means that whitlockite is formed instead of TCP.
Figure 6.2: High temperature phase diagram for selected calcium phosphate systems.
CaO - calcium oxide; TCPM - tetracalcium phosphate; HA - hydroxyapatite; TCP
- tricalcium phosphate; DCP - dicalcium phosphate (redrawn from [528,530])
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6.2 3-D Interconnected Porous Network
6.2.1 Macrostructure
The AFR technique has been successfully implemented to produce constructs from
both the 45 and 90 ppi template. The structure of the scaffolds closely replicated
that of the template, regardless of which was used during manufacture to such an
extent that it is expected that templates of different pore sizes could be used and
the final porous network would also closely mimic their structure. This section
is used to deal solely with the results surrounding the macroporosity of the as-
fabricated scaffolds, with the microporous nature discussed below in Section 6.2.2.
For all scaffolds, pore and strut size measurements (n=10) were taken during SEM
analysis.
6.2.1.1 Effect of Variation of Sintering Temperature
The initial sintering temperature of 1100 °C was unsuitable as samples from both
templates crumbled upon removal from the furnace. Samples sintered to 1150 °C
were very fragile, and even those sintered to 1200 °C were unsuitable as the strength
was too weak for the structures to be readily handled. Although some samples
were suitable for SEM analysis, only structures coated 5 times were handleable. It
is thought that the high level of porosity observed led to insufficient densification
at these temperatures. As samples sintered to 1200 °C were produced with up to
5 coatings and containing no porogen, the results for these have been included.
However, for all further experimental work, the minimum sintering temperature
used is 1250 °C.
Samples produced using the 45 ppi foam and sintered to 1250 °C could be handled,
however were still fragile and special care was required for movement. Some surface
roughness was visible on the struts of the ceramics in higher magnification SEM
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micrographs, shown in Section 6.2.2. The increased adherence to neighbouring par-
ticles indicated there was increased consolidation compared to samples sintered to
lower temperatures as shown in Figure 6.3. The trends observed as the sintering
temperature was increased from 1200-1250 °C were similar to those seen with fur-
ther increases to 1300 °C and 1350 °C. Increasing the temperature led to an increase
in the amount of shrinkage and hence smaller pore and strut sizes, with enhanced
ease of handling of the scaffold. As such, pore sizes for scaffolds coated 5 times
decreased from 507± 64 μm when sintered at 1200 °C to 266± 20 °C at 1350 °C. The
strut size exhibited a slight increase between 1200 °C and 1250 °C from 91± 4 μm
to 108± 7 μm, however all further increases to the sintering temperature caused
decreases down to a minimum of 89± 8 μm at 1350 °C. The increase in strut size
between these temperatures is likely to have been caused by slight variations to the
pressure applied during manual squeezing as the decrease in total pore and strut
size indicates increased shrinkage of the overall structure. The variation in pore and
strut size over the different sintering temperatures is given in Table 6.2.
Table 6.2: Mean ±σer (n=10) pore and strut sizes (μm) for HA samples produced
using the 45 ppi template, with 5 coats and sintered to 1200, 1250, 1300 and 1350 °C
Template 1200 °C 1250 °C 1300 °C 1350 °C
Pore size 622± 28 507± 64 329± 21 302± 26 267± 20
Strut Size 95± 3 91± 4 108± 7 95± 5 89± 8
As with samples produced from 45 ppi templates, increasing the sintering tempera-
ture of those produced using the 90 ppi foam led to an increase in the shrinkage of
the scaffolds with pore sizes decreasing from 133± 12 μm at 1200 °C to 100± 5 μm at
1350 °C. In all cases, scaffolds produced using the 90 ppi template were more stable
than those produced with the more porous 45 ppi template. Samples sintered to
1200 °C could be handled, yet were fragile, while ceramics sintered to 1250 °C had
greater strength and were more readily handleable. An increase to 1300 °C led to
further increased mechanical properties, and elevated shrinkage, although there was
no significant difference between the strut sizes of 52± 7 or 55± 3 μm. Structures
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(a) SEM micrograph of scaffold sintered
to 1250 °C (V=10kV; WD=11.1mm;
mag=500x)
(b) SEM micrograph of scaffold sintered
to 1300 °C (V=20kV; WD=10.1mm;
mag=500x)
(c) SEM micrograph of scaffold sintered
to 1350 °C (V=16kV; WD=18.0mm;
mag=500x)
Figure 6.3: SEM micrographs showing the effect of increasing the sintering temper-
ature on the structure of HA scaffolds produced using the 45 ppi template
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(a) SEM micrograph of scaffold sintered
to 1250 °C (V=10kV; WD=12.8mm;
mag=500x)
(b) SEM micrograph of scaffold sintered
to 1300 °C (V=10kV; WD=11.4mm;
mag=500x)
(c) SEM micrograph of scaffold sintered
to 1350 °C (V=16kV; WD=17.1mm;
mag=500x)
Figure 6.4: SEM micrographs showing the effect of increasing the sintering temper-
ature of HA structures produced using the 90 ppi template
sintered to 1350 °C exhibited the smallest pore and strut sizes, of 100± 5 μm and
46± 3 μm respectively. The different pore and strut sizes obtained are given in Ta-
ble 6.3, with representative SEM micrographs showing increased densification of the
structures in Figure 6.4.
Table 6.3: Mean ±σer (n=10) pore and strut sizes (μm) for HA samples produced
using the 90 ppi template, with 5 coats and sintered to 1200, 1250, 1300 and 1350 °C
Template 1200 °C 1250 °C 1300 °C 1350 °C
Pore size 253± 7 133± 12 129± 10 108± 6 100± 5
Strut Size 39± 0.9 50± 3 52± 7 55± 3 46± 3
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6.2.1.2 Number of Coats
For all sintering temperatures, an increase in the number of coats led to an increased
strut size and a decreased pore size. There was also greater uniformity to the strut
and pore sizes as the number of coats increased as well as an elevated susceptibility to
pore occlusion. The increase in pore occlusion with increasing number of coats was
more noticable on samples produced using the 90 ppi template. Although this was
not desired, in no case has the 3-dimensional interconnectivity been compromised
and so this is not expected to have any detrimental effects on the ability of cells
to fully infiltrate the structure. Representative micrographs showing the effect of
the number of coatings is given in Figure 6.5 for the 45 ppi foam and Figure 6.6
for the 90 ppi foam. Finally, the number of coats did not affect the trends observed
with varying the sintering temperature, as described in Section 6.2.1.1, indicating
these variables act independantly when controlling the macroporous network. The
relationships between sintering temperature, number of coats and pore or strut size
is shown in Figures 6.7 and 6.8 for samples produced using the 45 and 90 ppi foams
respectively.
6.2.1.3 Porogen Inclusion
The macrostructure of scaffolds fabricated with varying amounts of porogen was
evaluated using SEM. From the representative micrographs shown in Figure 6.9,
it is possible to see that, microstructural characteristics aside, the struts have not
been significantly impacted by the inclusion of the porogen. In most cases, the
pore and strut sizes are within the typically accepted experimental variation of
10%. Furthermore, the trends observed when varying the sintering temperature and
number of coats, as discussed above in Sections 6.2.1.1 and 6.2.1.2 are not affected,
with graphical representation of the relationships between the amount of porogen in
the slurry, number of coats of the slurry on the template and pore and strut size of
the scaffold shown in Figures 6.10, 6.11 and 6.12 for constructs fabricated using the
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(a) SEM micrograph of scaffold sin-
tered to 1350 °C with 1 coat (V=16kV;
WD=18.1mm; mag=100x)
(b) SEM micrograph of scaffold sin-
tered to 1350 °C with 2 coats (V=16kV;
WD=18.4mm; mag=100x)
(c) SEM micrograph of scaffold sin-
tered to 1350 °C with 3 coats (V=16kV;
WD=17.2mm; mag=100x)
(d) SEM micrograph of scaffold sin-
tered to 1350 °C with 4 coats (V=16kV;
WD=16.9mm; mag=100x)
(e) SEM micrograph of scaffold sin-
tered to 1350 °C with 5 coats (V=16kV;
WD=16.9mm; mag=100x)
Figure 6.5: SEM micrographs showing the effect of increasing the number of coats
on the structure of HA scaffolds produced using the 45 ppi template
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(a) SEM micrograph of scaffold sin-
tered to 1250 °C with 1 coat (V=10kV;
WD=13.0mm; mag=100x)
(b) SEM micrograph of scaffold sin-
tered to 1250 °C with 2 coats (V=10kV;
WD=10.7mm; mag=100x)
(c) SEM micrograph of scaffold sin-
tered to 1250 °C with 3 coats (V=10kV;
WD=12.0mm; mag=100x)
(d) SEM micrograph of scaffold sin-
tered to 1250 °C with 4 coats (V=10kV;
WD=11.4mm; mag=100x)
(e) SEM micrograph of scaffold sin-
tered to 1250 °C with 5 coats (V=10kV;
WD=10.9mm; mag=100x)
Figure 6.6: SEM micrographs showing the effect of increasing the number of coats
of HA structures produced using the 90 ppi template
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Figure 6.7: Graph showing how the pore and strut size varies with the number of
coats and sintering temperature on HA samples produced using the 45 ppi template
45 ppi template and sintered to 1250, 1300 and 1350 °C respectively, and in Figures
6.13, 6.14 and 6.15 for those from the 90 ppi template.
6.2.1.4 Freezing Temperature
The freezing temperature of the scaffolds could be varied by changing their location
within the freeze dryer. Scaffolds placed on the bottom shelf had internal surface
temperatures of 10 °C after freezing for 4 hrs, whilst those placed directly on the
condenser were -20 °C. Variations to the freezing temperature during production
had little effect on the macrostructure of the scaffolds, with the pore and strut
sizes shown graphically in Figures 6.16 and 6.17. Representative micrographs are
shown in Figures 6.18 and 6.20 for structures produced from the 45 and 90 ppi foams
respectively when the constructs were frozen to 10 °C, and in Figures 6.19 and 6.21
when the structures were frozen to -20 °C. Particularly with the lower temperature,
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Figure 6.8: Graph showing how the pore and strut size varies with the number of
coats and sintering temperature on HA samples produced using the 90ppi template
there is a more obvious effect on the microstructure, as discussed below, however
from the micrographs it is clear that there is no effect on the structure of the
macroporous network. Furthermore, the graphs show the strut sizes in particular
are very similar regardless of the freezing temperature. There is some variation
to the pore size between structures frozen to different temperatures with similar
porogen contents, however this is not consistent.
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(a) SEM micrograph showing macrostruc-
ture of sample produced without camphene
(V=20kV; WD=5.5mm; mag=250x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=15kV; WD=8.2mm; mag=250x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=15kV; WD=8.0mm; mag=250x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=10kV; WD=10.5mm; mag=250x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=10kV; WD=12.0mm; mag=250x)
Figure 6.9: Representative SEM micrographs showing the macrostructure of HA
scaffolds produced via AFR using the 45 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.%
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Figure 6.10: Graph showing the relationships between number of coats, porogen
content and pore/strut size of scaffolds fabricated using the 45 ppi template and
sintered to 1250 °C
Figure 6.11: Graph showing the relationships between number of coats, porogen
content and pore/strut size of scaffolds fabricated using 45 ppi template and sintered
to 1300 °C
118
CHAPTER 6. HYDROXYAPATITE
Figure 6.12: Graph showing the relationships between number of coats, porogen
content and pore/strut size of scaffolds fabricated using the 45 ppi template and
sintered to 1350 °C
Figure 6.13: Graph showing the relationships between number of coats, porogen
content and pore/strut size of scaffolds fabricated using the 90 ppi template and
sintered to 1250 °C
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Figure 6.14: Graph showing the relationships between number of coats, porogen
content and pore/strut size of scaffolds fabricated using the 90 ppi template and
sintered to 1300 °C
Figure 6.15: Graph showing the relationships between number of coats, porogen
content and pore/strut size of scaffolds fabricated using the 90 ppi template and
sintered to 1350 °C
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Figure 6.16: Graph showing relationship between porogen content, freezing temper-
ature and pore/strut size of scaffolds fabricated using 45 ppi template and sintered
to 1300 °C
Figure 6.17: Graph showing relationship between porogen content, freezing temper-
ature and pore/strut size of scaffolds fabricated using 90 ppi template and sintered
to 1300 °C
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(a) SEM micrograph showing macrostruc-
ture of sample produced without camphene
(V=20kV; WD=8.9mm; mag=250x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=15kV; WD=9.7mm; mag=250x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=15kV; WD=8.4mm; mag=250x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=15kV; WD=9.2mm; mag=250x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=15kV; WD=10.3mm; mag=250x)
Figure 6.18: Representative SEM micrographs showing the macrostructure of HA
scaffolds produced via AFR using the 45 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when the surface of the scaffold was frozen
to 10 °C during production
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(a) SEM micrograph showing macrostruc-
ture of sample produced without camphene
(V=20kV; WD=8.9mm; mag=250x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=15kV; WD=9.7mm; mag=250x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=15kV; WD=8.4mm; mag=250x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=15kV; WD=9.2mm; mag=250x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=15kV; WD=10.3mm; mag=250x)
Figure 6.19: Representative SEM micrographs showing the macrostructure of HA
scaffolds produced via AFR using the 45 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when the surface of the scaffold was frozen
to -20 °C during production
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(a) SEM micrograph showing macrostruc-
ture of sample produced without camphene
(V=5kV; WD=9.3mm; mag=250x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=5kV; WD=8.4mm; mag=250x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=5kV; WD=8.5mm; mag=250x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=5kV; WD=9.2mm; mag=250x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=5kV; WD=10.7mm; mag=250x)
Figure 6.20: Representative SEM micrographs showing the macrostructure of HA
scaffolds produced via AFR using the 90 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when the surface of the scaffold was frozen
to 10 °C during production
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(a) SEM micrograph showing macrostruc-
ture of sample produced without camphene
(V=5kV; WD=9.3mm; mag=250x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=5kV; WD=8.4mm; mag=250x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=5kV; WD=8.5mm; mag=250x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=5kV; WD=9.2mm; mag=250x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=5kV; WD=10.7mm; mag=250x)
Figure 6.21: Representative SEM micrographs showing the macrostructure of HA
scaffolds produced via AFR using the 90 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when the surface of the scaffold was frozen
to -20 °C during production
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6.2.2 Microstructure
6.2.2.1 Porogen Inclusion
Inclusion of a porogen into the slurry led to the generation of micropores. Camphene
is a solid at room temperature, hence drying at this temperature led to microporous
struts. The size of individual micropores was between 1-5 μm, regardless of the
level of porogen included. As the camphene content was increased, the amount and
density of these micropores also increased for structures from both templates, as
shown in Figures 6.22 and 6.23 for those from the 45 and 90 ppi foams respectively.
Particularly at the highest levels of porgen, this led to some coalescence, causing
larger micropores of up to 20-30 μm. However, the level and amount of coalescence
was not controllable despite mixing of the slurries for 24 h before casting.
6.2.2.2 Freezing temperature
Freezing of the scaffolds on the bottom shelf of the freeze dryer (10 °C) led to the
production of larger micropores than when the equivalent amount of porogen was
frozen at room temperature, as shown in Figures 6.24 and 6.25 for structures from
the 45 and 90 ppi templates respectively. This is due to the evaporation of DMC
leading to solidification of camphene at this temperature. Further increases to the
micropore size were seen when coated templates were placed on the condenser (-
20 °C), as shown in Figures 6.26 and 6.27. The base size was increased to 5-12 μm at
10 °C with this again unaffected by the amount of porogen in the slurry, although
the number and density of the micropores increased with the camphene content.
Structures frozen to -20 °C exhibited an elongated microporosity, with the width
of the pores 5-12 μm and lengths up to 20-30 μm. As the size of the microporosity
after freezing remained constant, the decreased size of structures produced from the
90 ppi template resulted in the increased effect on the overall structure.
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(a) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced
without camphene(V=16kV; WD=16.8mm;
mag=1000x)
(b) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
5% camphene (V=15kV; WD=11.1mm;
mag=1000x)
(c) SEM micrograph showing surface
roughness/microporosity of scaffolds pro-
duced with 10% camphene (V=15kV;
WD=11.8mm; mag=1000x)
(d) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
20% camphene (V=10kV; WD=11.5mm;
mag=1000x)
(e) SEM micrograph showing surface
roughness/microporosity of scaffolds pro-
duced with 25% camphene (V=10kV;
WD=11.2mm; mag=1000x)
Figure 6.22: SEM micrographs showing surface roughness/microporosity on HA
scaffolds produced using the AFR with the 45 ppi template, with increasing cam-
phene content through 0, 5, 10, 20 and 25wt.%
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(a) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced
without camphene(V=10kV; WD=12.3mm;
mag=2000x)
(b) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
5% camphene (V=15kV; WD=10.0mm;
mag=2000x)
(c) SEM micrograph showing surface
roughness/microporosity of scaffolds pro-
duced with 10% camphene (V=15kV;
WD=10.3mm; mag=2000x)
(d) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
20% camphene (V=10kV; WD=12.0mm;
mag=2000x)
(e) SEM micrograph showing surface
roughness/microporosity of scaffolds pro-
duced with 25% camphene (V=10kV;
WD=11.5mm; mag=2000x)
Figure 6.23: SEM micrographs showing surface roughness/microporosity on HA
scaffolds produced using the AFR with the 90 ppi template, with increasing cam-
phene content through 0, 5, 10, 20 and 25wt.%
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(a) SEM micrograph showing microstruc-
ture of sample produced without camphene
(V=15kV; WD=9.0mm; mag=1000x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=15kV; WD=9.4mm; mag=1000x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=15kV; WD=8.4mm; mag=1000x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=15kV; WD=9.2mm; mag=1000x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=15kV; WD=10.3mm; mag=1000x)
Figure 6.24: Representative SEM micrographs showing the microstructure of HA
scaffolds produced via AFR using the 45 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when frozen to 10 °C during production
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(a) SEM micrograph showing microstruc-
ture of sample produced without camphene
(V=5kV; WD=9.2mm; mag=2000x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=5kV; WD=8.5mm; mag=2000x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=5kV; WD=8.6mm; mag=2000x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=5kV; WD=9.1mm; mag=2000x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=5kV; WD=10.0mm; mag=2000x)
Figure 6.25: Representative SEM micrographs showing the microstructure of HA
scaffolds produced via AFR using the 90 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when frozen to 10 °C during production
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(a) SEM micrograph showing microstruc-
ture of sample produced without camphene
(V=15kV; WD=9.0mm; mag=1000x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=15kV; WD=9.4mm; mag=1000x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=15kV; WD=8.4mm; mag=1000x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=15kV; WD=9.2mm; mag=1000x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=15kV; WD=10.3mm; mag=1000x)
Figure 6.26: Representative SEM micrographs showing the microstructure of HA
scaffolds produced via AFR using the 45 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when frozen to -20 °C during production
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(a) SEM micrograph showing microstruc-
ture of sample produced without camphene
(V=5kV; WD=9.2mm; mag=2000x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=5kV; WD=8.5mm; mag=2000x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=5kV; WD=8.6mm; mag=2000x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=5kV; WD=9.1mm; mag=2000x)
(e) SEM micrograph showing macrostruc-
ture of sample produced with 25% camphene
(V=5kV; WD=10.0mm; mag=2000x)
Figure 6.27: Representative SEM micrographs showing the microstructure of HA
scaffolds produced via AFR using the 90 ppi template, with increasing camphene
content through 0, 5, 10, 20 and 25wt.% when frozen to -20 °C during production
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6.2.3 Porosity
Porosity measurements were taken using the Archimedes method, with selected sam-
ples also analysed using microCT. The Archimedes method was used as it provides
porosity values for the whole structure undergoing analysis and is able to account
for both macro and microporosity. This overcomes the limitations of both image
analysis, relating to the fact that only the selected area is analysed, and of mi-
croCT, due to reports that the porosity is underestimated due to resolution limits.
Although a higher resolution machine has been used in this work, the accuracy needs
verification, hence Archimedes method has also been used. The dry, submerged and
wet masses of each sample were measured and used to calculate the relative density,
using Equation 4.6, and hence the porosity, using Equation 4.7, with graphical rep-
resentations of the results shown in Figures 6.28 - 6.30 and 6.31 - 6.33 for structures
from the 45 ppi and 90 ppi templates respectively and in Figures 6.34 and 6.35 for
scaffolds frozen during production.
For most scaffolds, increasing the number of coats led to a decrease in the level of
porosity. As the pore size was decreased and the strut size was increased, this was
expected. Furthermore, it followed other reports in the literature [270]. It was not
always the case however, as described in the following paragraphs, and it is thought
that variations were caused by slight variations during processing that were exac-
erbated by significant shrinkage during sintering. Additionally, scaffolds produced
with more camphene inclusion were expected to have higher porosities, however
this was not consistently observed. This is again thought to have been a result of
processing variations being exagarated dufing template removal and sintering.
Structures fabricated from the 45 ppi template had porosities ranging from 82 - 96%,
whilst those from the 90 ppi template were between 85 and 96%. Varying the number
of coats, the sintering temperature, shown in Figure 6.36, or the porogen content
in the slurry had little effect on the porosity of scaffolds produced using the 45 ppi
template. Although there was a slight decrease, the porosity of structures from the
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90 ppi template did not vary significantly with increases to the sintering temperture
as shown in Figure 6.37. Additionally, there was little change with variations to
the porogen content on structures from the 90 ppi template. However, increasing
the number of coats from one to five led to an average decrease in the porosity of
3.6± 1.0%. The only scaffolds which increased in porosity were those sintered to
1350 °C and with 10% porogen (which stayed the same) and 20% porogen (which
increased by 2%).
Variations to the freezing temperature had no consistent effect on the porosity of
scaffolds from either template. However, scaffolds frozen to -20 °C during production
exhibited a decrease in porosity of approximately 5% between 10 and 20% porogen
inclusion compared to those frozen to 10 and 20 °C. It is thought that this may
be due to the greater number of larger ice dendrites facilitating a more complete
removal of the polymeric template at a slightly lower temperature. Thus, the level
of densification during sintering is slightly higher. Alternatively, slight variations to
the degree of coating on the template may have occurred during processing. Thus,
there may have been a slight increase in the amount of material coated onto the
template or to level of pore occlusion that would increase the overall porosity.
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Figure 6.29: Porosity (%) of scaffolds fabricated using the 45 ppi template and
sintered to 1300°C, with varying porogen content and number of coats of the slurry
Figure 6.28: Porosity (%) of scaffolds fabricated using the 45 ppi template and
sintered to 1250°C, with varying porogen content and number of coats of the slurry
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Figure 6.30: Porosity (%) of scaffolds fabricated using the 45 ppi template and
sintered to 1350°C, with varying porogen content and number of coats of the slurry
Figure 6.31: Porosity (%) of scaffolds fabricated using the 90 ppi templateand sin-
tered to 1250°C, with varying porogen content and number of coats of the slurry
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Figure 6.32: Porosity (%) of scaffolds fabricated using the 90 ppi templateand sin-
tered to 1300°C, with varying porogen content and number of coats of the slurry
Figure 6.33: Porosity (%) of scaffolds fabricated using the 90 ppi templateand sin-
tered to 1350°C, with varying porogen content and number of coats of the slurry
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Figure 6.34: Porosity (%) of samples produced using different freezing temperatures,
with 1 coat of the slurry on the 45 ppi template, varying porogen contents and
sintered to 1350 °C
Figure 6.35: Porosity (%) of samples produced using different freezing temperatures,
with 1 coat of the slurry on the 90 ppi template, varying porogen contents and
sintered to 1350 °C
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Figure 6.36: Effect of varying the sintering temperature on the porosity (%) of
samples produced with 1 coat of the slurry on the 45 ppi template, varying porogen
contents and sintered to 1350 °C
Figure 6.37: Effect of varying the sintering temperature on the porosity (%) of
samples produced with 1 coat of the slurry on the 90 ppi template, varying porogen
contents and sintered to 1350 °C
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6.2.4 MicroCT
MicroCT was also used to measure the porosity of the samples, as well as determine
their surface area and obtain qualitative information regarding the nature of the
size, interconnectivity and shape of the pores. Images of the the macrostructure
of scaffolds produced using the 45 ppi and 90 ppi templates with varying camphene
contents included in the slurry are shown in Figures 6.38 and 6.39 respectively,
whilst the microstructure is shown in Figures 6.40 and 6.41 and the porosity and
surface area measurements given in Table 6.4.
The images corroborate the observations made during SEM: namely that the macro-
pores are open and interconnected, albeit with some occlusion randomly distributed
throughout the analysed structures; and that the struts generating the macroporous
network contain micropores. Furthermore, microCT has enabled the complete struc-
ture to be viewed, and thus the hollow nature of some of the struts. Finally, the total
porosity has been measured which is similar to that obtained using the Archimedes
principle method. Furthermore, the strut microporosity has also been measured,
which generally increases with increasing porogen contents. For example, the strut
porosity of structures from the 45 ppi template increases from 36.8 to 51.1% as the
porogen content increased from 0 to 25%, with increases from 28.5 to 37.2% observed
in structures from the 90 ppi template. There was some microporosity noticable in
the centre of struts, particularly those fabricated using the 45 ppi template. This
is thought to be caused by the pyrolysis of the foam, as has been observed by
others [273,277].
6.2.5 Discussion
The first requirement given in Section 1.1.1 is that the porosity of bone regenerative
scaffolds must be open and interconnected to avoid regions where growth cannot
occur [233, 310, 312, 347]. As such, the porosity of all scaffolds was measured using
the Archimedes method which is simple and allows accurate density measurements
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(a) MicroCT image of scaffold produced
without camphene
(b) MicroCT image of scaffold produced with
5% camphene included in the slurry
(c) MicroCT image of scaffold produced with
10% camphene included in the slurry
(d) MicroCT image of scaffold produced with
20% camphene included in the slurry
(e) MicroCT image of scaffold produced with
25% camphene included in the slurry
Figure 6.38: 3D microCT images of macrostructure of scaffolds produced using the
45 ppi template, with 5 coats of the slurry, sintered to 1350 °C and with varying
amounts of camphene included in the slurry
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(a) MicroCT image of scaffold produced
without camphene
(b) MicroCT image of scaffold produced with
5% camphene included in the slurry
(c) MicroCT image of scaffold produced with
10% camphene included in the slurry
(d) MicroCT image of scaffold produced with
20% camphene included in the slurry
(e) MicroCT image of scaffold produced with
25% camphene included in the slurry
Figure 6.39: 3D microCT images of macrostructure of scaffolds produced using the
90 ppi template, with 5 coats of the slurry, sintered to 1350 °C and with varying
amounts of camphene included in the slurry
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(a) Orthoslice image of scaffold produced
without camphene
(b) Orthoslice image of scaffold produced
with 5% camphene included in the slurry
(c) Orthoslice image of scaffold produced
with 10% camphene included in the slurry
(d) Orthoslice image of scaffold produced
with 20% camphene included in the slurry
(e) Orthoslice image of scaffold produced
with 25% camphene included in the slurry
Figure 6.40: 2D orthoslice of microCT images showing microporosity of scaffolds
produced using the 45 ppi template, with 5 coats of the slurry, sintered to 1350 °C
and with varying amounts of camphene included in the slurry
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(a) Orthoslice of scaffold produced without
camphene
(b) Orthoslice of scaffold produced with 5%
camphene included in the slurry
(c) Orthoslice of scaffold produced with 10%
camphene included in the slurry
(d) Orthoslice of scaffold produced with 20%
camphene included in the slurry
(e) Orthoslice of scaffold produced with 25%
camphene included in the slurry
Figure 6.41: 2D orthoslice of microCT images showing microporosity scaffolds pro-
duced using the 90 ppi template, with 5 coats of the slurry, sintered to 1350 °C and
with varying amounts of camphene included in the slurry
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Table 6.4: Porosity and surface area measurements obtained using microCT for
scaffolds produced using both templates, with 5 coats of the slurry, sintered to
1350 °C and with varying amounts of camphene included in the slurry
Template Porogen
Content
Total porosity
(%)
Strut Porosity
(%)
Specific
Surface Area
(mm2 /mm3)
45 ppi
0% camphene 89.8 36.8 55.1
5% camphene 87.0 39.6 36.1
10% camphene 91.5 43.6 67.3
20% camphene 87.5 29.5 38.4
25% camphene 87.6 51.1 37.9
90 ppi
0% camphene 91.6 28.5 122.7
5% camphene 94.0 23.0 200.0
10% camphene 92.5 34.4 139.7
20% camphene 93.2 38.1 134.1
25% camphene 89.5 37.2 56.6
to be taken rapidly [406–409]. Although quicker, cheaper and easier to perform than
any other method of measuring the density, it does not allow for the determination
of other features defining the porous network [531,532] and thus microCT was also
used on selected samples. MicroCT scans provide qualitative information about
the pore shape, size and interconnectivity which, due to the 3-dimensionality of
microCT scans, can be more informative than OM or SEM micrographs. However,
Kim et al [274] and Kwon et al [270] reported that microCT porosimetry provides
estimates that are 12-15% lower than those measured using other techniques due to
the presence of features smaller than the maximum resolution of microCT. However
these observations were made on older machines, and as a high resolution scanner
able to observe nanoscale features was used in this work, there was not a significant
difference between the porosity values obtained using the different methods.
Foam reticulation techniques have been used to produce highly porous samples [51,
54,100,103,116,266,268,269,275,276,372,375,376]. The AFR also produces highly
porous scaffolds, with porosity of 75 to 95%. The high level of porosity indicates
that it is open, a fact corroborated by SEM and microCT images. Furthermore, the
porosity could be controlled by varying the processing parameters. It was thought
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that the inclusion of the porogen and the subsequent production of microporosity
would increase the porosity. However due to the open nature of the porosity of
the scaffolds, a high sintering temperature was required to ensure there was suitable
densification and this is likely to have caused some shrinkage [280,347,529], affecting
the microporosity and leading to the relatively small impact observed. Furthermore,
the macroporosity of the samples dominates the porosity in AFR fabricated scaffolds
and as such the microporosity does not have a major effect on the overall porosity.
Scaffolds from the 45 ppi template generally exhibited higher porosity than those
from the 90 ppi template due to the relatively larger pore sizes with respect to the
strut diameter. Additionally, there was less of an impact on the porosity of structures
fabricated using the 45 ppi template when varying the processing parameters. This
is because the ratio of pore to strut size is affected less when coating the 45 ppi
template multiple times. The changes to the pore and strut size for all structures
is relatively small implying that each additional coating only adds a thin layer of
material. Thus the ratio between pore and strut size is impacted less where there
are larger pore and strut sizes, leading to a relatively small effect on the porosity
The porosity consists of pores within different ranges. As described in Section
3.1.5, the foam reticulation technique enables the controllable production of macro-
pores which closely replicate the structure of the template [274,277,533], whilst the
freeze drying facilitates the production of micropores in the macroporous struts.
Many of the parameters affecting foam reticulated structures have previously been
investigated [266–269, 273–277]. Increasing the sintering temperature has been re-
ported [529,533] to lead to shrinkage of the scaffolds due to increased densification.
Increasing the number of coats of the slurry leads to larger strut sizes and smaller
pore sizes [270], as the only place that material can attach to the template is on
the struts, and hence as more biomaterial is added it must increase their size. As
the template is of a fixed size, increasing the strut size must decrease the pore size.
These effects were all seen with AFR produced structures. Hence, with allowances
made for the shrinkage expected at high sintering temperatures [347] and through
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variations to the pore and strut sizes by varying the number of coats, it is possible
to produce structures with tailored macroporosity. This is of particular importance
as although the size of the macropores is known to have some effect on the biologi-
cal performance of cells [15, 16], this is not fully understood and hence the optimal
macropore size has not yet been determined. Nevertheless, it enables the realisa-
tion of pores within the range specified in Section 1.1.1 (100-900 μm) [12, 13, 15] as
suitable for bone regeneration.
The macropore size was unaffected by the incorporation of a porogen into the pre-
cursor slurry, regardless of the level of inclusion. As the interconnecting struts
provide the construct with its strength and stability, it was undesirable for the gen-
eration of microporosity to have any detrimental effects on the macrostructure. The
freeze casting technique has been used to produce scaffolds with pore sizes up to
300 μm [97,254,255,260], although such large pores were not necessary in this work.
When implemented here, even at the freezing temperature facilitating the growth
of the largest ice crystals, there was no detrimental effect to the macropores.
Whether the porogen was included or not, all scaffolds exhibited surface roughness.
This has a positive effect on the biological functionality of scaffold structures [18,19,
21,22], however introducing micropores may enhance this by not only providing the
cells with surfaces onto which they can attach, but by also facilitating vascularization
and capillary growth. Surface roughness has been observed by others using foam
reticulation [51, 269, 270, 275, 276, 372], with the incorporation of micropores being
the subject of current research attention [268,281].
At all levels of porogen inclusion, some microporosity was observed. The level of
porogen inclusion had little effect on the size of individual micropores (1-5 μm) as
the pore size is dictated by the freezing rate as opposed to the level of porogen
[254, 260]. Instead, increasing the amount of porogen resulted in the number and
density of the micropores increasing, to the point where there was some micropore
agglomeration and thus the production of larger micropores of up to 20-30 μm. The
size of the micropores, particularly those that were agglomerated, is expected to
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benefit the biological activity of cells seeded onto the scaffolds as it is suitable
for the attachment of cells [2,16–18] and the formation of extracellular matrices [2]
without being so small that cells will grow over them [21,22]. Previous investigations
regarding the freezing parameters have mainly been aimed at increasing the pore
size [97,104,254,255,259,260,534]. This is not the case with the AFR as the majority
of the porosity is caused by the template and the freeze casting is only used to add
microporosity to the struts of the scaffolds. However, the investigations show that
the microporosity and micropore size is highly controllable.
6.3 Mechanical Properties
6.3.1 Experimental Yield Stress
Due to the large number of samples fabricated during the course of this work,
selected samples were tested to failure to determine the actual strength, with the
results shown in Table 6.5. As the structure collapses, the porosity is compromised
and as such a representative value of the strength is no longer observed. Hence,
the value for the load at the point at which the structure begins to break has been
used. This is the first peak on the load-displacement graph with a representative
example shown in Figure 6.43. These have been compared with the theoretical
values, as shown graphically in Figure 6.42 to determine whether the theoretical
predictions were a suitable alternative to experimental calculations. In most cases,
there was a close correlation between the theoretical and experimental values, within
a reasonable experimental variation (within 12%). However, the theoretical strength
did not match the measured yield stress for the samples produced using the 90 ppi
template with 25% porogen in the slurry.
For most scaffolds, theoretical calculations underpredicted the strength compared
to experimentally obtained values. This could have been caused by the average
micropore size being used as opposed to a weighted average. Similarly a weighted
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average of macropore and strut size could have led to increased theoretical predic-
tions. Alternatively, in all load-displacement graphs, there are fluctuations below
the first major peak. Thus, the experimentally obtained values of the strength may
be lower than that reported. Whilst using the graph may not enable the precise
calculation of compressive strength, it enables a realistic estimation and as such is
highly useful in analysing the mechanical properties of scaffolds.
Figure 6.42: Graphical representation showing theoretical mechanical strengths cal-
culated with varying parameters and results of the experimental tests to failure.
Data from experimental tests plotted as scatter; theoretical calculations plotted as
lines, calculated using Equation 4.10, with the shape factor from Equation 4.11.
(tp/ts - ratio of pore to strut size; tm/tp - ratio of micropore to macropore size)
6.3.2 Theoretical Yield Stress
The yield stress of all scaffolds was calculated theoretically using Equation 4.10, with
the shape factor calculated using Equation 4.11 and the bulk modulus of HA taken
as 44.8MPa (1.12 x tensile strength (40MPa [44]) [426]). Graphical representation
of the compressive strength of the scaffolds sintered to 1250 °C - 1350 °C are shown
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(a) Load-displacement graph evaluating compressive load against compressive extension for
complete test for 3 samples produced using identical conditions: 5 coats of the slurry, with
0% porogen and sintered to 1350 °C
(b) Load-displacement graph showing evaluation of the same samples as in 6.43a. The
initial peak is examined to determine the fracture point
Figure 6.43: Typical load-displacement graph obtained during mechanical testing.
All have a sharp initial peak denoting fracture of the weakest struts, followed by a
general increase with peaks denoting stronger strut breakage
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in Figures 6.44 - 6.46 and 6.49 - 6.51 for structures produced from the 45 and 90 ppi
foam respectively, with the yield stress of structures produced when the freezing
temperature was varied shown in 6.47 and 6.52.
Scaffolds produced using the 45 ppi template were relatively unaffected by the num-
ber of coats on the template. When sintered to 1300 °C, scaffolds exhibited a signifi-
cantly increased yield stress (11 ± 3 to 180 ± 29 kPa), compared to samples sintered
to 1250 and 1350 °C, which had similar yield stress ranges of 1.7 ± 0.3 to 41 ± 6 kPa
and 1.7 ± 0.2 to 42 ± 10 kPa respectively, with a representative example shown in
Figure 6.48. In most cases, increasing the amount of porogen in the slurry led to
a slight insignificant decrease in the yield stress, however this was not consistent
across all scaffolds evaluated. Varying the freezing temperature also had a limited
effect, although structures with a low camphene content that were frozen to -20 °C
were much weaker than those frozen to 20 °C and 10 °C. At higher camphene con-
tents, this effect was not observed. As the theoretical values are calculated using
measured values for the pore size, strut size and density, any variations to these
parameters during processing has a significant effect on the final values. As such,
some abnormal values have been obtained.
When the 90 ppi template was replicated, the trends observed differed greatly from
the 45 ppi template. The strength of the scaffold was increased with an increas-
ing number of coats in all cases apart from that produced with 25% porogen and
sintered to 1350 °C. Variations to the sintering temperature had little effect on the
compressive stress in general, with a representative example given in Figure 6.53,
however the strongest scaffold, 134 ± 22 kPa, was obtained at the maximum sinter-
ing temperature. Variations to the camphene content did not significantly affect the
mechanical strength of most scaffolds. Finally, decreasing the freezing temperature
led to a general decrease in the mechanical properties. There was a significantly
decreased amount of outliers compared to the values obtained when calculating the
theoretical compressive stress using scaffolds fabricated using the 45 ppi template.
This is due to the smaller variations observed in the variables used in the calculation.
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Figure 6.44: Theoretical compressive yield stress (kPa) of scaffolds fabricated us-
ing the 45 ppi template and sintered to 1250°C, with varying porogen content and
number of coats of the slurry
Figure 6.45: Theoretical compressive yield stress (kPa)of scaffolds fabricated us-
ing the 45 ppi template and sintered to 1300°C, with varying porogen content and
number of coats of the slurry, plotted on the same y-scale as Figure 6.44
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Figure 6.46: Theoretical compressive yield stress (kPa)of scaffolds fabricated us-
ing the 45 ppi template and sintered to 1350°C, with varying porogen content and
number of coats of the slurry, plotted on the same y-scale as Figure 6.44
Figure 6.47: Theoretical compressive yield stress (kPa) of samples produced using
different freezing temperatures, with 1 coat of the slurry on the 45 ppi template,
varying porogen contents and sintered to 1350 °C
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Figure 6.48: Theoretical compressive yield stress (kPa) of samples produced using
different sintering temperatures, with 1 coat of the slurry on the 45 ppi template
and varying porogen contents
6.3.3 Discussion
The mechanical properties of the scaffold need to be harmonized with those of
bone, outlined in Table 1.1. Density measurements taken using the Archimedes
method, or any other method, can be used to determine the theoretical mechanical
strength [421, 423], with the equations used in this work correlating well with the
yield stress obtained experimentally. There is a range of literature on those who
have examined and investigated the mechanical strength of HA foams [224,269,271,
272, 276, 277, 283, 372] with similar values obtained for structures of equally high
porosity as shown in Table 6.6, although in all cases this is much less than that of
natural cancellous bone, 2-23MPa [43].
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Figure 6.49: Theoretical compressive yield stress (kPa) of scaffolds fabricated us-
ing the 90 ppi template and sintered to 1250°C, with varying porogen content and
number of coats of the slurry
Figure 6.50: Theoretical compressive yield stress (kPa) of scaffolds fabricated using
the 90 ppi template and sintered to 1300°C, with varying porogen content and
number of coats of the slurry, plotted on the same y-scale as Figure 6.49
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Figure 6.51: Theoretical compressive yield stress (kPa) of scaffolds fabricated us-
ing the 90 ppi template and sintered to 1350 °C, with varying porogen content and
number of coats of the slurry, plotted on the same y-scale as Figure 6.49
Figure 6.52: Theoretical compressive yield stress (kPa) of samples produced using
different freezing temperatures, with 1 coat of the slurry on the 90 ppi template,
varying porogen contents and sintered to 1350 °C
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Figure 6.53: Theoretical compressive yield stress (kPa) of samples produced using
different sintering temperatures, with 1 coat of the slurry on the 90 ppi template
and varying porogen contents
Table 6.6: Compressive yield stress of scaffolds fabricated using foam reticulation,
with values obtained experimentally in this work compared to those available in the
literature for similarly highly porous structures
Porosity Yield Stress (kPa) Ref
85-94 5.7-159 This Work
95 7 [271]
83 110-230 [224]
80-90 <0.5 [269]
70 950 [277]
The theoretical mechanical strength was more dependant on the processing param-
eters when structures were fabricated from the 90 ppi template as opposed to the
45 ppi template, as outlined in Section 6.3. The ratio of pore to strut size, the
porosity and the ratio of macro to micro pore size are important in the theoretical
yield stress calculations. The ratio of pore to strut size is affected less by coating
the 45 ppi template multiple times. The changes to the pore and strut size for all
structures is relatively small, hence, for structures with larger pore and strut sizes,
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the ratio between these is not as affected as for those with smaller pore and strut
sizes. Increasing the sintering temperature leads to increased densification and as
such should result in greater mechanical properties [225,529], a phenomenom not ob-
served consistently in this work. It is likely that the significant porosity of the struc-
tures adversely affected the densification process. Freezing the structures to different
temperatures during processing causes the micropore size to increase [257,259], par-
ticularly when frozen to -20°C. This affects structures produced with low camphene
contents, but has less of an effect when higher porogen percentages are incorporated.
This is most probably due to the shape factor being based on the individual microp-
ore size, Equation 4.11. The agglomeration of these micropores at higher camphene
percentages means that the microporosity at, for example, 25% camphene is of a
similar size to that observed in freeze dried structures.
Using Equation 4.20 to calculate the error, the σer for most samples was witin 10-
20% of the mean. There were some cases outside of this range, with the maximum
error of 33% on the sample with 20% porogen and frozen to -20 °C during production.
This is due to the relatively high error in the pore size, of 11%. Furthermore, in all
cases where the error in the pore size was over 7% of the mean, σer of the mechanical
strength was over 20%. Thus, to be able to state a value for the theoretical yield
stress within a suitable range, it is necessary for scaffolds to be produced with a high
degree of control over the pore size, and for that pore size to be within a relatively
small range.
A final point of note regarding the theoretical compressive yield stress calculations
is that the values have been obtained in this work using the bulk yield stress of
HA. There has been at least a partial phase change to whitlockite, which has a
slightly higher bulk yield stress (47.0MPa for whitlockite as opposed to 44.8MPa
for HA [44]). The bulk yield stress is 5% greater for whitlockite than for HA, which
is within the error obtained for all scaffold strengths calculated theoretically. As
such this is only likely to have had a small impact on the calculated values.
The load-displacement graph for HA scaffolds when tested under compression, as
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shown in Figure 6.43a, can be used to determine the yield stress, strain, toughness
and compressive modulus [337, 412], although in this case it has only been used to
determine the yield stress. There is a sharp incline in the graph due to the brittle
nature of the ceramic that peaks at the failure of the weakest struts [271, 272, 337].
This is followed by a general rise, as the initial layer of pores becomes compressed
and covers the pores of the next layer, increasing the relative density of the structure
[271, 272]. The initial peak, Figure 6.43b, is generally taken as the yield strength
[271,272,337,412], as it is at this point that the structure has failed, however this is
not necessarily at the maximum load that the scaffold could withstand, particularly
after implantation [12,15].
The theoretical values closely matched those obtained using destructive testing for
most samples. As there are no cases in the literature comparing the theoretical me-
chanical strengh to the observed strength for structures combining macro and mi-
croporosity, the suitability of incorporating a shape factor as used for microporous
structures had not been verified. From this work, it can be deduced that the incor-
poration of a shape factor, Equation 4.11 [424, 425], into Equation 4.10 [421–423]
enables a reasonable estimation of the yield strength of macroporous structures with
microporous struts. However it cannot be taken verbatim that the calculated value
will be the true strength of the structure. As seen with the scaffold produced from
the 90 ppi template with 25% porogen, there is a significant reduction in the the-
oretical calculation due to the increased porosity which was not observed during
testing. It should also be noted that the minimum strength measured during test-
ing was greater than the values obtained theoretically. Furthermore, there was wide
inter-sample range to the yield strengths of the sample produced using these condi-
tions when tested to failure which must also be considered with such scaffolds. As
such, further work, as detailed in Section 9.1 is required for a proper evaluation of
the inclusion of a shape factor into theoretical mechanical properties of macro and
microporous structures.
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6.4 Cell Viability
6.4.1 Preliminary Analysis
Initial testing was undertaken to compare the performance of scaffolds fabricated
via AFR without any porogen to a commercially available HA control.
Cells were successfully seeded onto both ceramics and controls. The cell metabolic
activity was higher on the ceramics than that of the tissue culture plastic marker at
day 1, indicating good cell attachment. This viability was maintained over 7 days, as
shown in Figure 6.54, although there was no significant increase in the cell number
over time on the scaffolds. By day 4, scaffolds of both pore sizes contained more
metabolically active cells than the commercial HA control (Pr < 0.05), with this
trend continuing at day 7 even though only the 45 ppi ceramic showed a significant
difference. Confocal microscopy after 24 h, shown in Figure 6.55, confirmed cell
attachment. The outer pores of the scaffolds contained cells with an elongated
morphology, indicating they were attached to the struts of the pores.
Figure 6.54: Metabolic activity of MG63 cells as measured using the resazarin assay
relative to cells seeded in monolayer on tissue culture plastic at day 1. Mean ±S.D
(n = 3); CS = ‘CellSupports’; * significantly different from CS scaffolds at the same
time point, Tukey’s pair-wise comparison p < 0.05
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(a) Confocal microscopy of CS (b) Confocal microscopy of scaffold produced
using 45 ppi template
(c) Confocal microscopy of scaffold produced
using 90 ppi template
Figure 6.55: Confocal microscopy images of HA scaffold seeded with MG-63 cells
and stained with DAPI (nuclei – blue) and Phalloidin- TRITC (cytoskeleton = red)
after 24 h of seeding on (a) CS, (b) 45 ppi scaffold and (c) 90 ppi scaffold. (scale
bar = 50 μm).
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6.4.2 Live/Dead Assay
The live/dead assay was used to determine whether cells could survive on the struc-
tures. There was a high number of live cells after both 1 and 3 days, Figure 6.56
and Figure 6.57 respectively, on scaffolds produced with and without any porogen.
It is possible to see a large number of live, green, cells with a small number of dead,
red, cells, with a viability of approximately 95%. Cells seeded on both 90 and 45 ppi
scaffolds produced with and without porogen at both 1 and 3 days could be seen to
have become elongated in morphology, indicating that they were not only surviving
on the scaffolds, but were also attaching to them.
6.4.3 MTT Assay
6.4.3.1 3T3 Cell Line
The cell number was quantified using the MTT assay after 1, 4 and 7 days as shown
in Figure 6.58. After 1 day, the number of cells had reduced significantly compared
to the number seeded. Although this decrease was seen across all scaffolds, the
decrease was smaller on scaffolds that were produced with some porogen included.
At all timepoints, the highest cell number was seen on the scaffold produced with
25% porogen on the 45 ppi template. After 4 days the number of cells on the
scaffold from the 90 ppi template without porogen has more cells than any from
that template with porogen inclusion.
Although incorporating 25% porogen into the precursor slurry had a positive effect
on the number of viable cells after 4 and 7 days, this was not observed for the
other camphene contents. All remaining scaffolds except the one produced with
5% camphene on the 45 ppi template exhibited a lower number of cells than those
produced without porogen. Including 25% porogen had a much more statistically
significant effect on the number of cells that were able to survive on 90 ppi scaffolds
(Pr = 0.0005) compared to those produced on the 45 ppi template (Pr = 0.17) after
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(a) Live/dead assay performed on scaffold
produced from 45 ppi template with 0% cam-
phene
(b) Live/dead assay performed on scaffold
produced from 90 ppi template with 0% cam-
phene
(c) Live/dead assay performed on scaffold
produced from 45 ppi template with 25%
camphene
(d) Live/dead assay performed on scaffold
produced from 90 ppi template with 25% cam-
phene
Figure 6.56: Microscopy images of scaffolds seeded with 3T3 cells and stained with
CalceinAM and PI after 24 h. Live cells individually fluoresce green and dead cells
individually fluoresce red, with analysed scaffolds fabricated using 0% porogen on
the 45 (a) and 90 ppi (b) templates and 25% on the 45 (c) and 90 ppi (d) templates
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(a) Live/dead assay performed on scaffold
produced from 45 ppi template with 0% cam-
phene
(b) Live/dead assay performed on scaffold
produced from 90 ppi template with 0% cam-
phene
(c) Live/dead assay performed on scaffold
produced from 45 ppi template with 25%
camphene
(d) Live/dead assay performed on scaffold
produced from 90 ppi template with 25%
camphene
Figure 6.57: Microscopy images of scaffolds seeded with 3T3 cells and stained with
CalceinAM and PI after 72 h. Live cells individually fluoresce green and dead cells
individually fluoresce red, with analysed scaffolds fabricated using 0% porogen on
the 45 (a) and 90 ppi (b) templates and 25% on the 45 (c) and 90 ppi (d) templates
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(a) Results of the MTT assay for scaffolds produced using scaffolds pro-
duced using the 45 ppi foam as template
(b) Results of the MTT assay for scaffolds produced using scaffolds pro-
duced using the 90 ppi foam as template
Figure 6.58: Mean ±SD (n=9) cell number as quantified by MTT assay for scaffolds
produced using the AFR with varying amounts of camphene included in the slurry
and seeded with 3T3 cells. Scaffolds have been coated 5 times with the slurry and
sintered to 1350 °C
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1 day. After 4 days, scaffolds from the 45 ppi template were affected by the amount
of porogen (Pr = 0.004) whilst there was no statistical difference (Pr = 0.44) seen
on scaffolds produced with and without porogen on the 90 ppi template. Table 6.7
gives the Pr values for the cell numbers on all scaffolds compared to that produced
without porogen. It is thought that incorporating 25% porogen during production
led to micropores which cells could infiltrate and hence attach to. Meanwhile, the
cells were unable to infiltrate smaller micropores fabricated with lower porogen
inclusions. Furthermore, the surface topography of such pores may have been less
conducive to cell adhesion due to the lack of material onto which they could attach.
Table 6.7: Pr values obtained using Student’s T-Test and Tukey’s Pairwise Compar-
ison between scaffolds produced with and without porogen at the same time point.
ª denotes those values where the scaffold without camphene had a higher number
of viable cells than that specified.
45 ppi 90 ppi
5%
1day 0.0034 <0.0001
4 day 0.0737 ª0.0023
7 day 0.0071 ª0.0644
10%
1day ª0.4733 0.1194
4 day ª0.0003 ª<0.0001
7 day ª<0.0001 ª0.5328
20%
1day 0.0082 <0.0001
4 day ª<0.0001 ª<0.0001
7 day ª0.4189 ª<0.0001
25%
1day 0.17 0.0005
4 day 0.004 0.4353
7 day <0.0001 0.066
6.4.3.2 MC3T3 Cell Line
Scaffolds produced with 0 and 25% camphene were seeded with MC3T3 cells, with
the cell number shown in Figure 6.59. MC3T3 cells were seeded more successfully
than 3T3 cells, with a significant improvement in the number seen one day after
seeding. There was a slight improvement in viability using the 45 ppi template
compared to the 90 ppi template after 4 and 7 days. Furthermore, incorporating 25%
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Figure 6.59: Mean ±SD (n=9) cell number as quantified by MTT assay for scaffolds
produced using the AFR with 0 and 25% camphene included in the slurry and
seeded with MC3T3 cells. Scaffolds have been coated 5 times with the slurry and
sintered to 1350 °C
porogen in the slurry during scaffold manufacture led to a statistically significant
increase in the number of cells in all cases except for the 45 ppi scaffold at day 4
as shown in Table 6.8. The maximum number of cells is similar to the maximum
number seen on the scaffolds seeded with 3T3 cells, indicating that the scaffolds are
fully confluent and can not support any more cells.
Table 6.8: Pr values obtained using Student’s T-Test and Tukey’s Pairwise Com-
parison between scaffolds produced with and without porogen at the same time
point
45 ppi 90 ppi
1 day 0.0618 0.0241
4 day 0.0002 0.1384
7 day 0.0136 <0.0001
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6.4.4 ALP Assay
6.4.4.1 Optimal Route for Removal of Cells
The ALP activity was measured for 4 sets of samples sintered to 1350 °C (produced
using slurries incorporating 10 and 20% porogen, using the 45 and 90 ppi foams),
with the results shown in Table 6.9. For each technique, the average and standard
deviation was calculated as was the standard deviation as a percentage of the mean
ALP measurement for each sample. The results are shown in Table 6.10, where
it can be seen that method 1 is the result with the most repeatability as it has
the lowest standard deviation as a percentage of the mean reading. Therefore this
method is used hereafter to remove cells from the scaffolds when measuring the ALP
release.
Table 6.9: Mean ±SD (n=9) as quantified by ALP (ng/mL) on structures produced
using the processing parameters given and sintered to 1350 °C obtained when cells
had been removed from the scaffolds using the different methods
10% camphene;
45 ppi template
10% camphene;
90 ppi template
20% camphene;
45 ppi template
20% camphene;
90 ppi template
Method 1 1 day 0.62 ± 0.09 0.39 ± 0.02 0.32 ± 0.01 0.67 ± 0.137 day 1.16± 0.08 1.11± 0.05 0.97± 0.03 0.87± 0.14
Method 2 1 day 0.84 ± 0.12 0.41 ± 0.06 0.36 ± 0.04 0.82 ± 0.177 day 1.02± 0.09 0.94± 0.10 0.90± 0.03 0.88± 0.05
Method 3 1 day 0.78 ± 0.02 0.55 ± 0.11 0.27 ± 0.04 0.84 ± 0.257 day 0.58± 0.02 0.53± 0.04 0.48± 0.04 0.68± 0.07
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Table 6.10: Average standard deviation and average standard deviation as a per-
centage of the mean ALP using the different techniques to remove the cells from the
scaffolds
Standard Deviation
(±)
Standard Deviation
as percentage of
mean (%)
Method 1 1 day 0.064 117 day 0.043 4.0
Method 2 1 day 0.099 157 day 0.070 7.3
Method 3 1 day 0.11 177 day 0.036 6.2
6.4.4.2 3T3 ALP release
The ALP activity was quantified after 1, 4 and 7 days as shown in Figure 6.60. After
culture for 1 day, the scaffolds without porogen generally released the highest level
of ALP, however this was with little statistical significance. There was little change
to the amount of ALP released from cells on these scaffolds after 4 days, however all
scaffolds produced using porogen demonstrated a significant improvement compared
to day 1. The scaffold with 10% porogen had the largest average amount of ALP
release at this timepoint, however this was not statistically significant compared
to the other scaffolds. After 7 days, the scaffolds produced without porogen again
released the largest amounts of ALP on both templates. While those produced with
10, 20 and 25% porogen incorporation released similar amounts to that at day 4,
the scaffold produced using 5% porogen exhibited a decrease in the average amount
of ALP released, although this was not statistically significant.
There was little effect with using different templates for producing scaffolds, with
similar amounts of ALP released regardless of whether the 45 or 90 ppi foam was
used. There was quite a large range to the results, causing the statistical significance
to be small in most cases, with the Pr values for the ALP release on all scaffolds
compared to that produced without porogen given in Table 6.11.
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(a) Results of the ALP assay for scaffolds produced using scaffolds produced
using the 45 ppi foam as template
(b) Results of the ALP assay for scaffolds produced using scaffolds produced
using the 90 ppi foam as template
Figure 6.60: Mean ±SD (n=9) ALP released by scaffolds produced using the AFR
with varying amounts of camphene included in the slurry and seeded with 3T3 cells.
Scaffolds have been coated 5 times with the slurry and sintered to 1350 °C
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Table 6.11: Pr values obtained using Student’s T-Test and Tukey’s Pairwise Com-
parison for scaffolds that underwent ALP assay with release compared to that on
the scaffold produced without porogen when seeded with 3T3 cells. ª denotes those
values where the scaffold without camphene expressed a greater amount of ALP
that that specified
45 ppi 90 ppi
5%
1 day ª0.12 ª0.23
4 day <0.0001 <0.0001
7 day ª0.81 ª0.81
10%
1 day ª0.67 0.89
4 day 0.008 0.02
7 day ª0.12 ª0.11
20%
1 day ª0.015 ª0.065
4 day 0.003 <0.0001
7 day ª0.10 ª0.18
25%
1 day ª0.51 ª0.76
4 day <0.0001 0.35
7 day ª0.77 ª0.87
6.4.4.3 MC3T3 ALP release
As with scaffolds seeded with 3T3 cells, the ALP activity on scaffolds seeded with
MC3T3 cells was quantified after 1, 4 and 7 days, as shown in Figure 6.61. After
1 and 7 days, the level measured on scaffolds produced with porogen was slightly
lower than that on those produced without. However at 4 days, there was a greater
increase in ALP expression on those produced with the porogen. All scaffolds except
that produced without camphene on the 90 ppi template exhibited a decrease in
the level of ALP at day 7 compared to day 4, causing the level to be similar to
that observed at day 1. With respect to the inclusion of camphene within the
manufacturing process, the only times any significant statistical significance was
observed was at day 4 where the structure from the 90 ppi template with porogen
exhibited signicantly enhanced ALP expression (Pr<0.0001), and at day 7, where
the structure from the 45 ppi template without camphene exhibited greater ALP
expression than that with (Pr=0.0209), with all Pr values given in in Table 6.12. It
is also important to note that the levels of ALP expressed with the MC3T3 cells on
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Figure 6.61: Mean ±SD (n=9) ALP released by scaffolds produced using the AFR
with 0 and 25% camphene included in the slurry and seeded with MC3T3 cells.
Scaffolds have been coated 5 times with the slurry and sintered to 1350 °C
the scaffolds produced without porogen after 1 day was double the number expressed
when 3T3 cells were seeded, and there was a significant reduction to the range of
the results.
Table 6.12: Pr values obtained using Student’s T-Test and Tukey’s Pairwise Com-
parison between scaffolds produced with 25% and without porogen at the same
time point when seeded with MC3T3 cells. ª denotes those values where the scaf-
fold without camphene expressed a greater amount of ALP than that specified.
45 ppi 90 ppi
1 day ª0.4036 ª0.6765
4 day 0.4375 <0.0001
7 day ª0.0209 ª0.2420
6.4.5 Dissolution Assay
The amount of calcium in the culture solution was measured after 1, 4 and 7 days
as shown in Figure 6.62 for PBS and Figure 6.63 for DMEM. There was an increase
in the amount of dissolved calcium with time for all scaffolds, with little significant
difference between structures fabricated using different templates. The amount of
porogen in the slurry did not have a great impact on the amount of dissolution,
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Table 6.13: Pr values obtained using Student’s T-Test and Tukey’s Pairwise Com-
parison for calcium dissolution of scaffolds compared to that on the scaffold produced
without porogen. ª denotes those values where the scaffold without camphene ex-
hibited greater levels of calcium dissolution that that specified
PBS DMEM
45ppi 90 ppi 45 ppi 90 ppi
5%
1 day ª<0.0001 <0.0001 <0.0001 ª<0.0001
4 day ª<0.0001 ª0.037 <0.0001 ª<0.0001
7 day ª<0.0001 0.665 <0.0001 ª<0.0001
10%
1 day ª<0.0001 <0.0001 <0.0001 0.0008
4 day ª<0.0001 ª0.0007 <0.0001 ª<0.0001
7 day ª<0.0001 ª<0.0001 <0.0001 <0.0001
20%
1 day ª<0.0001 <0.0001 <0.0001 0.318
4 day 0.078 ª0.004 <0.0001 ª0.017
7 day ª0.001 <0.0001 <0.0001 <0.0001
25%
1 day ª<0.0001 <0.0001 <0.0001 <0.0001
4 day <0.0001 0.7279 <0.0001 ª<0.0001
7 day ª0.977 <0.0001 <0.0001 <0.0001
with the statistical significances against the structure without porogen in the slurry
given in Table 6.13. Finally, there was a difference of 7.7±0.97mg/dl between
equivalent scaffolds submerged in PBS and DMEM. This is due to the calcium salts
in DMEM which give a calcium content of approximately 10mg/dl when diluted
1:1 with the buffer. This corresponds with the measured calcium contents of the
DMEM (9.3± 0.18mg/dl).
6.4.6 Discussion
Scaffolds fabricated using the adaptive foam reticulation technique have shown good
cell attachment of MG63 bone cells, maintaining good cell viability throughout the
culture period of 7 days. This was slightly better than the viability of cells on a
commercially available porous HA disc. Over time, the cell number increased only
slightly and without statistical significance, indicating limited proliferation. The
most probable cause of this is that the high number of cells seeded led to their
confluence in the scaffold. The maintenance of the cell viability indicates that the
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(a) Amount of calcium dissolved in PBS for scaffolds produced using the
45 ppi template
(b) Amount of calcium dissolved in PBS for scaffolds produced using the
90 ppi template
Figure 6.62: Mean ±SD (n=9) amount of calcium in solution when scaffolds pro-
duced with varying amounts of camphene included in the slurry were cultured in
PBS. Scaffolds have been coated 5 times with the slurry and sintered to 1350 °C
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(a) Amount of calcium dissolved in DMEM for scaffolds produced using the
45 ppi template
(b) Amount of calcium dissolved in DMEM for scaffolds produced using
the 90 ppi template
Figure 6.63: Mean ±SD (n=9) amount of calcium in solution when scaffolds pro-
duced with varying amounts of camphene included in the slurry were cultured in
DMEM. Scaffolds have been coated 5 times with the slurry and sintered to 1350 °C
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scaffolds exhibit no toxicity and are sufficiently porous to enable good nutrient
access.
To determine whether incorporating a porogen has a positive effect on the biological
performance, further analyses was undertaken using scaffolds fabricated without
any porogen as the base against which their performance was analysed. Although
visualisation of the cells was undertaken using different assays, the live/dead assays
from both the preliminary tests and the further analyses showed that cells seeded
on the scaffolds were able to survive on the structures. Furthermore, 24 hours
after seeding the cells exhibited an elongated morphology suggesting that they had
attached to the struts of the scaffolds. There were some dead cells, however the
viability was approximately 95% which is similar to that observed when the cells
were counted prior to seeding. Thus it can be deduced that the structures offer a
suitable surface onto which cells can grow and the biocompatibility correlates well
with other conventional techniques [12,51,264,277,283] as outlined in Table 3.1.
All scaffolds seeded with 3T3 cells underwent a large reduction in the number of
cells after 1 day compared to the amount seeded, indicating low viability. There
are a number of factors that could have caused this [1, 6, 16–19, 37], and although
any one of these could have had an impact, the most probable cause is related to
cell attachment. The scaffolds were seeded by applying the cells directly to the top
of the scaffolds, followed by surrounding the cells in media. In many cases, there
were regions of the scaffolds which exhibited little or no activity when observing the
formazan production before its dissolution for analyses, as shown in Figure 6.64, and
thus it may have been necessary to apply the cells more evenly over the structure.
Alternatively, although the cells were submerged in media, the lack of any movement
may have inhibited the migration of cells throughout the structures. Finally, the
scaffolds were dried for 1 hour after sterilisation, yet the highly porous nature of the
scaffolds may have led to some residual ethanol within the structure that could kill
the cells.
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(a) Photograph of formazan crystals on scaf-
fold produced from 90 ppi template
(b) Photograph of formazan crystals on scaf-
fold produced from 45 ppi template
Figure 6.64: Representative photographs showing the distribution of formazan crys-
tals during MTT assay on scaffolds produced with 5 coats of the slurry and sintered
to 1350 °C after 1 day in culture
Both templates produced scaffolds with pore sizes within the range outlined as
suitable for cell adhesion and proliferation [5, 12, 14]. The macropores generated
allow for the complete infiltration of cells, nutrients and metabolites which was
enhanced by the open nature of the porosity. Although in most cases the template
used to produce the scaffold did not have a significant effect on the number of cells,
those produced with 25% camphene led to a significantly higher number of cells on
the 45 ppi template than on the 90 ppi template. This suggests that the larger pore
size produced is more suited to bone regenerative medicine, however further analyses
on the exact pore size required is necessary before this can be stated definitively.
Possibly the more interesting feature of the analysis using 3T3 cells was that any
ALP expression was measured. They are fibroblastic with little scope for changing
their phenotype [535, 536] and as such there was expected to be little more than a
background reading. Nevertheless, they are taken from mouse embryo tissue and as
such there may still be some residual ability for the cells to differentiate down other
lineages. Not only could this give a further possibility for the significant reduction
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in cell number after seeding - the microstructure of the surface could have caused
cell signalling [17, 18, 20, 21, 537] that selected only for the attachment of cells with
the potential to become osteoblastic - but it also could explain why such cells were
able to express ALP. However, Huschtscha et al [538] developed a cell quantification
assay based on ALP expression suitable for use with 3T3 cells. As such, the assay
may have been sensitive enough to show the base levels of ALP expressed by the
cells, with the increase solely due to the increase in cell number.
The scaffolds dissolved in media with the amount of Ca2+ measured. Although not
analysed, there must also have been dissolution of PO43- ions as they are bound
to the calcium in HA. Beck et al have shown that PO43- regulates the release of
osteopontin [476] and can alter gene expression [478]. Hence, the dissolution of the
construct could cause subtle changes in cell morphology that ultimately led to the
expression of ALP.
The scaffolds with 25% camphene inclusion exhibited a statistically significant in-
crease in the number of cells counted, particularly 7 days after seeding. This indi-
cates that the inclusion of a porogen into the precursor slurry does have an impact
on the ability of the cells to attach, differentiate and proliferate on the structures.
However, along with the scaffolds produced with 5% camphene on the 45 ppi tem-
plate, this is the only level at which scaffolds with porogen of any amount exceeded
the performance of the scaffolds fabricated without camphene. The micropores gen-
erated are 2-3 μm, which is large enough to affect cell signalling and the subsequent
differentiation, but not to allow for capillary growth [21, 537]. The larger micro-
pores observed due to the coalescence of the smaller micropores however may aid
growth as cells cannot infiltrate individual micropores which are smaller than the
cells [17, 18].
The number of viable MC3T3 cells was greater at all time points on scaffolds pro-
duced with 25% porogen in the slurry than those fabricated without porogen. This
corroborates the observations made when 3T3 cells were seeded onto the structures,
suggesting that incorporating this level of porogen enhances viability compared to
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scaffolds fabricated without any porogen at all. The viability of the MC3T3 cells is
perhaps more important as although these are fibroblastic in nature [539–542], they
can differentiate down osteoblastic lineages depending on the environment in which
they are being cultured [539–545].
Although the exact interaction is unknown, it is possible that either the strut surface
roughness, for reasons detailed in Section 1.1.1 or the scaffold dissolution leading
to free Ca2+ and PO43- ions, detailed in Section 4.2.9.2, encouraged osteoblastic
differentiation with the cells undergoing the necessary changes between days 4 and
7. Thus there are two possible causes for the decrease in cell number between
these time points: firstly, the scaffolds could have become fully confluent, and hence
there would be no more space for cells to grow onto; or secondly some cells could
have changed to become more osteoblastic in nature, a possibility which could be
investigated by determining whether any osteoblastic markers, such as osteocalcin,
are present. The ALP expression between days 4 and 7 dropped on scaffolds seeded
with MC3T3 cells, yet due to the reduction in the cell number, there was more ALP
produced per cell. This could also represent the cells becoming more osteoblastic
than fibroblastic.
As Chang et al [15] have shown that foam reticulated structures facilitate enhanced
bony growth compared to autografts in vivo, the enhanced cell viability of structures
fabricated with a porogen in the slurry to produce controllable microporosity could
offer a suitable alternative to grafting procedures. This cannot be stated with any
certainty however until in vivo analyses has been undertaken.
6.5 Summary
The AFR has been implemented to fabricate HA structures suitable for use as bone
replacement bioscaffolds. Crystallographic evaluation has shown there has been at
least a partial phase change at all sintering temperatures to whitlockite, a calcium
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deficient form of HA that is more chemically similar to the natural mineral phase
of bone. As such, although not desired this phase change is not expected to detri-
mentally affect the biological viability of the scaffolds. SEM and microCT analysis
demonstrated constructs have a highly interconnected 3D structure, with macropore
sizes within the range specified for bone regenerative scaffolds. The macroporosity,
and macropore and strut size can be adjusted by varying the processing parameters,
namely the sintering temperature, template and number of coats of the slurry on
the template. Furthermore, inclusion of a porogen, camphene, has led to the intro-
duction of micropores within the macroporous struts. The number and density of
the micropores can be controlled by the amount of porogen, while the size is varied
with alterations to the freezing temperature.
The porosity of the scaffolds has been measured using the Archimedes method, with
the structures fabricated from the 90 ppi template more susceptible to changes to
the processing parameters. The porosity has been used to calculate the theoretical
compressive yield stress using the novel incorporation of a shape factor to allow for
the microporosity. This correlates well with experimental data for certain samples,
however a more indepth analysis is required as there was some differences between
one set of samples. The strength of the samples is weak compared to that of natu-
ral bone, and as such further work is required to sufficiently improve this. Finally,
there is enhanced biological viability of AFR fabrications (produced without micro-
porosity) compared to a commercially available porous HA disc. Furthermore, the
viability was similar for all samples with porogen compared to those without except
for those with the maximum inclusion, which performed better in most analyses.
Further in-vivo analyses are required, however, to state whether the samples offer a
suitable alternative to existing grafting procedures.
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Chapter 7
Titanium/Titanium-
Aluminium-Vanadium
The previous chapter, Chapter 6, dealt exclusively with the results obtained when
HA was used as the biomaterial. To ascertain whether the methodology implemented
could be suitable for use with other biomaterials, structures were fabricated from
Ti and Ti-6Al-4V. Thus this chapter deals solely with whether the AFR technique
can be used for controllably manufacturing bioscaffolds from these materials, with
an overall discussion of the technique and the suitability of it to produce scaffolds
suited to bone reparation given in Chapter 8.
As with results from HA scaffolds, raw data is available in Appendix A where a
graphical representation of results is given. Furthermore, as previously outlined in
Section 4.2.8, trend lines on graphs are used as visual aids due to the datasets for
each scaffold coming from different samples.
7.1 Crystallography
7.1.1 Titanium
The indexed XRD of the raw material has been shown to be titanium hydride,
Section 5.2. The indexed XRD of powdered scaffolds, Figure 7.1 matched the
COD reference patterns of α-titanium (Ti2) 96-900-8518), β-titanium (Ti4) (96-901-
1601), titanium-carbide (TiC) (96-591-0092), and titanium-carbide-nitride (Ti-C-N)
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(Ti5CN4) (96-101-0872). As the sintering temperature was increased, a higher pro-
portion of the sample underwent carbide formation, with 100% of the material being
either Ti2 or Ti4 at 1000 °C, whilst at 1300 °C this had decreased significantly. As
such, at 1200 °C and 1300 °C, only 37 and 48% of the material was estimated to
have remained as Ti, with estimated compositions shown in Table 7.1.
Table 7.1: Composition of Ti samples sintered to 1000, 1100, 1200 and 1300 °C as
estimated using peak area analysis
Analysis Specimen Ti2
(%)
Ti4
(%)
Ti-C
(%)
Ti-C-N
(%)
Peak Area
1000 °C 77 23 - -
1100 °C 69 21 6 4
1200 °C 37 - 39 24
1300 °C 48 - 29 23
Due to the high susceptibility of titanium to react with oxygen, the complete lack of
any oxide formation was not expected, and it is thought that the use of a cobalt tube
for X-ray diffraction may have contributed to errors in the minority phases identi-
fied. Hence, scans were also undertaken on the same samples using an Fe-filtered
diffractometer (Model Empryean, PANalytical, UK) equipped with a copper tube
and with an increased step time of 1 s, whilst all other parameters remained identi-
cal: step size of 0.02°, incident angle 2θ of 5-90°. Whilst there was a similar shape to
the peak profile, this led to a significant shift in the profile, as shown in Figure 7.2.
Additionally, compared to samples analysed using the cobalt source diffractometer,
the major difference observed for samples sintered to 1200 and 1300 °C is that the
presence of Ti2 or Ti4 is no longer evident. Furthermore, due to the slower scan
speed, for all scans the peaks were sharper and it was possible to observe more fea-
tures that were thought to be the background reading during analysis using a cobalt
tube. Table 7.2 gives the material composition obtained using XRD with a copper
tube. The samples sintered to 1200 and 1300 °C underwent complete transforma-
tion to a combination of Ti-C or Ti2-C-N and Ti-N, whilst those sintered to 1000
and 1100 °C underwent some oxide formation as well as transformation to Ti-N and
Ti-C.
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Table 7.3: Composition of Ti-6Al-4V samples sintered to 1200, 1300 and 1350 °C as
estimated using peak area analysis
Analysis Specimen Ti2
(%)
Ti4
(%)
Ti-C
(%)
Ti-C-N
(%)
Peak Area
Raw 60 40 - -
1200 °C 27 - 41 32
1250 °C 51 - 28 21
1300 °C 17 - 46 37
7.1.2 Titanium-Aluminium-Vanadium
The as-received material, Section 5.2, exhibited the characteristic peaks of α-Ti
and β-Ti, suggesting that it is Ti-6Al-4V. Structures sintered to 1200, 1250 and
1300 °C were found to show strong peaks for Ti2. Furthermore, there were significant
peaks for Ti-C and Ti-C-N. The indexed XRD peaks are shown in Figure 7.3, with
estimates of the sample composition given in Table 7.3. Samples sintered to 1250
and 1300 °C were evaluated after silicon inclusion. Furthermore, there were some
small peaks between 20 and 30 ° that have not been identified. The small values
these account for are not expected to have a significant impact on the material as
the peak areas are less than 5%. All sintered constructs underwent a significant
amount of carbide formation with approximately 73, 49 and 83% of the material
becoming TiC or Ti-C-N at 1200, 1250 and 1300 °C respectively.
The differences observed when a copper tube was used in the analysis for Ti samples
led to the additional scanning of Ti-6Al-4V samples using the same procedure as
described above for Ti. In general, the same features were observed: there was a
significant shift and increase in sharpness of the peaks, there was less background
noise and there was no increase to the background at high angles, as shown in
Figure 7.4. The increased resolution led to some differences in the compositional
analysis, as detailed in Table 7.4. In particular, there were increased levels of tita-
nium carbo-nitride as well as some titanium-aluminium phases. The only structure
that underwent some limited oxide formation was that sintered to 1250 °C, which
exhibited some peaks for vanadium oxide.
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7.1.3 Discussion
At temperatures above approximately 600 °C, TiH2 decomposes to titanium and
hydrogen gas [380], although slower heating rates have been reported [379] to reduce
the onset temperature to lower than 550 °C. The desorption of hydrogen in hydride-
containing materials consists of several steps including the thermal decomposition at
the hydride-metal interface, diffusion of hydrogen through the metal phase, surface
penetration of hydrogen atoms, recombination of absorbed atoms and hydrogen
degassing [379].
Ti-H systems undergo phase changes depending on the amount of hydrogen in the
atmosphere at elevated temperatures, with the phase diagram for Ti-H in environ-
ments of varying hydrogen contents up to 5wt.% at 1 atm shown in Figure 7.5.
At temperatures as low as 400 °C, with low concentrations of hydrogen (0-10 at.%),
TiH0.1 (α-phase, hexagonal close-packed (HCP)) forms, which becomes TiH0.3 (β-
phase, body-centered cubic (BCC)) at 10-44 at.%. This becomes TiH (γ-phase,
face-centered tetragonal (FCT)) at 44-50 at.%, TiH1.5 (δ-phase, face-centered cubic
(FCC)) at 50-66 at.% and TiH2 (ε-phase, FCT) at 66-67 at.% [380]. Conversely,
with decreasing hydrogen content, TiH2 transforms through the various phases to
Ti. The use of flowing gas to generate an inert atmosphere in this work led to the
removal of the H2 gas as the TiH2 decomposed, essentially creating a hydrogen free
atmosphere. Thus, as is shown in Figure 7.1, none of the starting material (TiH2),
Figure 5.4, was present in the final structure. From the phase diagram, it can be
seen that at temperatures and in environments enabling the decomposition of the
hydride, the process is from the ε-phase to a combination of δ- and ε-phases, then
to the β-phase and finally, during cooling to the α-phase [379,380].
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Figure 7.5: Phase diagram for TiH2 at P=1atm. α-Ti - Ti2; β-Ti - Ti4; γ - phase of
TiH (redrawn from [379,380])
Ti is highly susceptible to oxidation [44,230]. Hence, processing was undertaken in
an inert atmosphere to minimise this risk. No oxide was seen in structures fabri-
cated using TiH2 in the biomaterial slurry indicating that all oxygen was succesfully
removed from the local atmosphere prior to sintering during analysis of the XRD
undertaken with a cobalt tube. However, there were XRD peaks matching the
reference for titanium-carbide and titanium-carbide-nitride. This is believed to be
due to incomplete polymer burnout resulting in the subsequent reaction of titanium
with some of the carbon atoms, a theory strengthened by the build up of polymer
within the tube of the furnace. This phenomenom is not uncommon with foam
reticulation based techniques for titanium bioscaffolds with carbide formation also
having been reported by others [53, 67, 275]. The inert atmosphere was created by
passing a mix of 95:5 Nitrogen:Argon through the tube during sintering, and it is
believed that the flow rate (0.016 L/min) was not high enough to fully remove the
carbon atoms leading to their reaction with the surface of the scaffold. Thus the
carbide has been generated, with the carbide-nitride most probably generated at
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the same time. Alternatively, decomposition of the hydride may have commenced
below the burnout temperature of the polymer due to the relatively slow heating
rate (3 °C/min) used [379]. As such, pyrolysis of the polymer would facilitate the
reaction of the C atoms with the highly reactive titanium.
At the lower sintering temperatures, the structures were much less susceptible to the
formation of the carbide and the carbide-nitride, as seen in Table 7.1. At 1000 °C, all
analyses used found no TiC or Ti-C-N, whilst at 1100 °C very small amounts were
found. However, the values increased substantially such that at 1200 °C at least
49% of the material had formed a carbide or carbide-nitride, with similar values at
1300 °C. It is thought that this is due to the extra time at which the highly reactive
titanium was at heightened temperatures [379]. The titanium-carbon phase diagram
is shown in Figure 7.6 from which it can be seen that at all sintering temperatures
used the incomplete polymeric burnout should cause a mixture of β-Ti and TiC [546].
However, the primary titanium phase observed was α-Ti, suggesting that the cooling
rate (3 °C/min) was slow enough to enable the reformation of α-Ti during cooling.
Figure 7.6: Titanium-carbon phase diagram (α-Ti - Ti2; β-Ti - Ti4; Ti-C - titanium
carbide) (redrawn from [546])
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Structures fabricated from Ti-6Al-4V also experienced carbide formation. This sup-
ports the theory put forward earlier for Ti constructs that the flow rate of the inert
gas was insufficient to fully remove the carbon atoms. Oxidation can occur on tita-
nium based materials from temperatures below 300 °C [547]. As there was no oxide
formation, all oxygen must have been removed from the local environment in which
the samples were sintered. Interestingly, α-phase Ti was the predominant form of
Ti-6Al-4V observed. The phase diagram for Ti-Al-4V systems, shown in Figure 7.7,
indicates that the sintering temperatures used should lead to a partial formation
of the β-phase [44]. However, Wendler and Jakubowski [548] investigated the high
temperature behaviour of Ti and TiC layers and found that below 1100 °C, there
was no change to the crystal structures within a two-phase material, whereas above
this, both Ti and TiC transformed into a single phase TiC. This may also account
for the higher levels of TiC found when both Ti and Ti-6Al-4V structures were
sintered above 1100 °C.
Figure 7.7: Part of phase diagram for titanium-aluminium-vanadium systems with
varying Al at 4 wt.% V (redrawn from [44])
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The removal of unwanted impurity compounds from the surface of titanium struc-
tures involves the use of extremely corrosive materials, such as acidic mixes of sul-
phuric acid, hydrochloric acid and water for carbides [54]. The use of these could
affect the surface roughness or microporosity hence a highly controlled protocol
would need to be developed to maintain the structure generated via AFR. One pos-
sible method of avoiding the generation of the carbide would be to use a vacuum
furnace rather than an inert atmosphere as there would be a more complete removal
of the carbon during sintering. Furthermore, this would prevent nitride formation,
which must have been caused by passing nitrogen over the structure. However, TiC
is known to be biocompatible [137,366,549] with Jorgensen et al [366] and Brama et
al [137] having independantly shown that the presence of TiC layers does not affect
the biocompatibility of scaffolds. In consequence, the coating has not been removed
in this work and instead the macrostructural and microstructural characteristics
have been investigated without potentially damaging the Ti.
The increase in the background intensity of the cobalt-tube diffractometer scan data
at high angles is suggestive of fluorescence of some of the ions under the X-rays [384].
Additionally, it was not expected that the use of an inert atmosphere during sinter-
ing would lead to a complete lack of oxidation. As such, analysis was also undertaken
using a copper tube as the X-ray source as titanium-based materials are much less
likely to fluoresce under these conditions than when a cobalt tube is used. There
were some differences in the observed results. In particular, oeaks which could be
attributed to oxide phases were observed in the spectra taken from structures fabri-
cated from TiH2 and sintered to 1000 and 1100 °C. There are possible explanations
for the differences in the scan data. The samples underwent cobalt-source XRD prior
to density measurements using Archimedes Method, whereby samples are submerged
in water. To ensure complete drying prior for copper-source XRD, the samples were
heated to 100 °C and held at that temperature overnight. This could have led to
some oxidation of the pure titanium in these samples. Furthermore, the samples
were stored in air for approximately one year between the cobalt and copper-source
XRD analyses, during which time there could have been some atmospheric reaction.
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Alternatively, there is an algorithm within HighScore that compensates for the use
of different source tubes. There is a significant amount of overlap in the peaks of
the scan data, as well as the peaks of titanium and titanium oxide. The shift thus
may have introduced some errors, to the analysis on samples analysed using either
source tube. Additionally, the scanning with the copper tube was undertaken with
a longer timestep, 1 s, enabling the determination of smaller peaks not observed in
the initial scan with the cobalt tube as well as features such as ’shoulders’ on other
peaks. Thus, structures with overlapping peaks could be defined more accurately:
in particular, titanium-oxides have a number of smaller peaks that were not defin-
able in the initial scan. Although it cannot be definitively stated at the location
and level within the porous structure, some titanium oxide is likely to be present on
the surface of scaffolds. This cannot be accurateley determined however, as suitable
surface analysis techniques, such as glancing angle XRD, cannot be accurately un-
dertaken due to the porous nature of the scaffolds. Finally, the samples fabricated
from Ti-6Al-4V exhibited the presence of titanium-aluminium based materials, as
well as some vanadium based compounds. The relatively small proportion of these,
coupled with the peak overlapping of the more significant peaks suggests that these
materials are likely to have been present in the cobalt-source tube, but this has only
been determined with the higher resolution and peak intensity obtainable with the
copper-source measurement.
Possibly the most interesting feature of the copper-source XRD analysis is that the
level of oxide in the scans run with a copper-source diffractometer was related to the
amount of pure titanium measured using a cobalt-source diffractometer. This indi-
cates that the most plausible explanation is that some transformation has occurred
during either storage of the samples or density measurements and the subsequent
drying of samples. As such, all further analyses will consider the assumption that
the scans undertaken with a cobalt-source provide a more accurate approximation
of the material composition.
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7.2 Structure
7.2.1 Macrostructure
As has been shown with the use of HA as the biomaterial, Section 6.2.1, it is pos-
sible to use the AFR to produce macroporous HA structures with a high degree of
controllability. This section investigates whether this can be extended to Ti and
Ti-6Al-4V scaffolds. As for the analysis undertaken on HA scaffolds, all macropore,
strut and micropore sizes (n=10) have been measured during SEM analyses.
7.2.1.1 Sintering Temperature
Varying the sintering temperature had little effect on the pore or strut size of Ti
scaffolds from the 45 ppi template, with values given in Table 7.5 and representative
micrographs shown in Figure 7.8. The strut size was within a relatively small range
of 79± 5 to 90± 6 μm when coated 5 times with the slurry and sintered at 1000
to 1300 °C. There was a greater range for the pore size of 322± 27 to 439± 26 μm,
however treating the sintering temperature of 1100 °C as an outlier greatly reduces
this to 322± 27 to 371± 12 μm. Furthermore, the integrity of the structures was
improved with an increase in the sintering temperature.
Table 7.5: Average ±σer pore and strut sizes (μm) for Ti samples produced using
the 45 ppi template, with 5 coats and sintered to 1000, 1100, 1200 and 1300 °C
Template 1000 °C 1100 °C 1200 °C 1300 °C
Pore size 622
± 28
322
± 27
439
± 26
371
± 12
347
± 14
Strut Size 95
± 3
79
± 5
90
± 6
84
± 8
79
± 3
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(a) SEM micrograph of Ti scaffold sin-
tered to 1000 °C (V=20kV; WD=10.1mm;
mag=100x)
(b) SEM micrograph of Ti scaffold sin-
tered to 1100 °C (V=20kV; WD=12.5mm;
mag=100x)
(c) SEM micrograph of Ti scaffold sin-
tered to 1200 °C (V=20kV; WD=12.2mm;
mag=100x)
(d) SEM micrograph of Ti scaffold sin-
tered to 1300 °C (V=20kV; WD=12.8mm;
mag=100x)
Figure 7.8: SEM micrographs showing the effect of the sintering temperature on Ti
scaffolds produced using the 45 ppi template
As with titanium scaffolds produced using the 45 ppi template, those produced using
the 90 ppi foam exhibited enhanced stability with no significant variations to the
pore or strut sizes as the sintering temperature was increased, as shown in Figure
7.9 with values given in Table 7.6. There was a slight decrease in the pore size, from
187± 9 to 158± 7 μm, however the range is within a reasonable experimental error
(15%). There was a slightly greater relative range (36± 2 to 51± 3 μm) to the strut
size, however this is likely to have been caused by user sensitivity.
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(a) SEM micrograph of Ti scaffold sin-
tered to 1000 °C (V=20kV; WD=9.0mm;
mag=100x)
(b) SEM micrograph of Ti scaffold sin-
tered to 1100 °C (V=20kV; WD=13.2mm;
mag=100x)
(c) SEM micrograph of Ti scaffold sin-
tered to 1200 °C (V=20kV; WD=11.2mm;
mag=100x)
(d) SEM micrograph of Ti scaffold sin-
tered to 1300 °C (V=20kV; WD=13.5mm;
mag=100x)
Figure 7.9: SEM micrographs showing the effect of the sintering temperature on Ti
scaffolds produced using the 90 ppi template
Table 7.6: Average ±σer pore and strut sizes (μm) for Ti samples produced using
the 90 ppi template, with 5 coats and sintered to 1000, 1100, 1200 and 1300 °C
Template 1000 °C 1100 °C 1200 °C 1300 °C
Pore size 253
± 7
187
± 9
167
± 5
155
± 5
158
± 7
Strut Size 39
± 0.9
45
± 4
51
± 3
41
± 3
36
± 2
Similarly, the sintering temperature did not have a great affect on the size of Ti-
6Al-4V scaffolds, although the ease of handling of the sintered constructs improved
at higher temperatures. SEM micrographs of the scaffolds fabricated from Ti-6Al-
4V using the 45 ppi template are shown in Figure 7.10, with values of the pore
and strut sizes given in Table 7.7. The strut size is not significantly affected, with
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values obtained between 90± 6 to 104± 10 μm, although the pore size decreased
from 374± 22 to 277± 16 μm as the sintering temperature was increased from 1200
to 1300 °C. Some samples coated fewer than 3 times underwent partial collapse,
however this was not observed in all cases. This will be discussed further in Section
7.2.1.2.
Table 7.7: Average ±σer pore and strut sizes (μm) for Ti-6Al-4V samples produced
using the 45 ppi template, with 5 coats and sintered to 1200, 1250 and 1300 °C
Template 1200 °C 1250 °C 1300 °C
Pore size 622
± 28
374
± 22
357
± 23
277
± 16
Strut Size 95
± 3
104
± 10
92
± 6
90
± 6
(a) SEM micrograph of Ti-6Al-4V scaf-
fold sintered to 1200 °C (V=20kV;
WD=17.5mm; mag=100x)
(b) SEM micrograph of Ti-6Al-4V scaf-
fold sintered to 1250 °C (V=20kV;
WD=17.6mm; mag=100x)
(c) SEM micrograph of Ti-6Al-4V scaf-
fold sintered to 1300 °C (V=20kV;
WD=17.1mm; mag=100x)
Figure 7.10: SEM micrographs showing the effect of the sintering temperature on
Ti-6Al-4V scaffolds produced using the 45 ppi template
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As with Ti-6Al-4V scaffolds fabricated from the 45 ppi template, those produced
using the 90 ppi template predominantly exhibited few noticeable changes when the
sintering temperature was raised, as shown in Figure 7.11 and with values in Table
7.8. The pore and strut size both increased with maximum values occuring at the
highest sintering temperature suggesting that this structure was fabricated with
optimal coatings of the template and underwent minimal shrinkage. There was also
collapse to some scaffolds with fewer than 3 coats at all temperatures as for those
produced using the 45 ppi template, a phenomenom discussed further in Section
7.2.1.2.
Table 7.8: Average ±σer pore and strut sizes (μm) for Ti-6Al-4V samples produced
using the 90 ppi templates, with 5 coats and sintered to 1200, 1250 and 1300 °C
Template 1200 °C 1250 °C 1300 °C
Pore size 253
± 7
142
± 3
138
± 6
190
± 12
Strut Size 39
± 0.9
73
± 3
72
± 3
83
± 5
7.2.1.2 Number of Coats
Increasing the number of coats of the TiH2 slurry on the template had similar effects
as when the foams were coated in a HA-based slurry, outlined in Section 6.2.1.2.
For example, when comparing samples coated five times to those coated once on
the 45 ppi template, the strut size increased by up to 34%, which was accompanied
by a decrease of up to 39% in the pore size. Coating the 90 ppi template 5 times
led to increases of up to 57% in the strut and decreases of up to 22% in the pore
size compared to applying one coating. Although the relative change to the strut
size was greater for structures from the 90 ppi template, the actual change in size
was similar regardless (20±9 μm for 45 ppi, 17±9 μm for 90 ppi). Furthermore, the
uniformity of both the strut and pore sizes was increased as shown in representative
SEM micrographs in Figures 7.12 and 7.13 and with a reduction to the relative stan-
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(a) SEM micrograph of Ti-6Al-4V scaf-
fold sintered to 1200 °C (V=20kV;
WD=20.0mm; mag=100x)
(b) SEM micrograph of Ti-6Al-4V scaf-
fold sintered to 1250 °C (V=20kV;
WD=17.2mm; mag=100x)
(c) SEM micrograph of Ti-6Al-4V scaf-
fold sintered to 1300 °C (V=20kV;
WD=20.2mm; mag=100x)
Figure 7.11: SEM micrographs showing the effect of the sintering temperature on
Ti-6Al-4V scaffolds produced using the 90 ppi template
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dard deviation of the average pore and strut sizes. There was also an increase in the
amount of pore occlusion, which, although not significant, combined with the other
factors to increase the stability of the structures. As with HA structures, varying
the number of coats changed the final structure independently from adjusting the
sintering temperature. The average pore and strut sizes of titanium scaffolds pro-
duced using the 45 ppi and 90 ppi template are shown graphically in Figures 7.14
and 7.15.
Ti-6Al-4V scaffolds exhibited some degree of collapse at all sintering temperatures
when there was a low number of coats of the slurry on the template. This collapse
was only seen for scaffolds produced with less than 3 coats and affected structures
from the 45 ppi template to a greater extent than those from the 90 ppi template,
although it was not limited to one template alone. Where structures did not collapse,
varying the number of coats had similar effects on Ti-6Al-4V scaffolds as to those
produced from HA and Ti. Briefly, increasing the number of coats of the slurry
from one to five on the template led to an increase in the strut size, of up to 14%
and 43% when coating the 45 and 90 ppi template respectively, and a decrease in
the pore size, of up to 42% and 52%. The actual increase in strut size was similar to
that seen with the Ti scaffolds and was again irrespective of the template (15±9 μm
for 45 ppi, 16±9 μm for 90 ppi). Representative SEM micrographs for scaffolds from
the 45 and 90 ppi templates, Figures 7.16 and 7.17, show the decrease in pore size
and increase in the strut size, as well as the greater uniformity of pore and strut
sizes and the increased pore occlusion. The sintering temperature again had a slight
effect on the final structure, although this was independant from the number of
coats. Graphical representations of the average pore and strut sizes for scaffolds
from Ti-6Al-4V using the 45 and 90 ppi templates are shown in Figures 7.18 and
7.19.
For constructs from both materials, the strut thickness was expected to undergo a
linear increase, as the methodology enables a thin layer of material to be coated
onto the template with each additional dip-coating. However, the slight variations
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(a) SEM micrograph of scaffold sin-
tered to 1000 °C with 1 coat (V=20kV;
WD=13.2mm; mag=100x)
(b) SEM micrograph of scaffold sin-
tered to 1000 °C with 2 coats (V=20kV;
WD=12.7mm; mag=100x)
(c) SEM micrograph of scaffold sin-
tered to 1000 °C with 3 coats (V=20kV;
WD=12.3mm; mag=100x)
(d) SEM micrograph of scaffold sin-
tered to 1000 °C with 4 coats (V=20kV;
WD=13.8mm; mag=100x)
(e) SEM micrograph of scaffold sin-
tered to 1000 °C with 5 coats (V=20kV;
WD=13.9mm; mag=100x)
Figure 7.12: SEM micrographs showing the effect of the number of coats of the
slurry on the structure of titanium scaffolds produced using the 45 ppi template
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(a) SEM micrograph of scaffold sin-
tered to 1000 °C with 1 coat (V=120V;
WD=12.1mm; mag=100x)
(b) SEM micrograph of scaffold sin-
tered to 1000 °C with 2 coats (V=20kV;
WD=11.7mm; mag=100x)
(c) SEM micrograph of scaffold sin-
tered to 1000 °C with 3 coats (V=20kV;
WD=11.1mm; mag=100x)
(d) SEM micrograph of scaffold sin-
tered to 1000 °C with 4 coats (V=20kV;
WD=13.3mm; mag=100x)
(e) SEM micrograph of scaffold sin-
tered to 1000 °C with 5 coats (V=20kV;
WD=11.8mm; mag=100x)
Figure 7.13: SEM micrographs showing the effect of the number of coats of the
slurry on the structure of titanium scaffolds produced using the 90 ppi template
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Figure 7.14: Graph showing how the pore and strut size of Ti structures varies with
the number of coats and sintering temperature on samples produced using the 45ppi
template
Figure 7.15: Graph showing how the pore and strut size of Ti structures varies with
the number of coats and sintering temperature on Ti samples produced using the
90ppi template
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(a) SEM micrograph of scaffold sin-
tered to 1300 °C with 1 coat (V=20kV;
WD=13.6mm; mag=100x)
(b) SEM micrograph of scaffold sin-
tered to 1300 °C with 2 coats (V=20kV;
WD=15.9mm; mag=100x)
(c) SEM micrograph of scaffold sin-
tered to 1300 °C with 3 coats (V=20kV;
WD=16.4mm; mag=100x)
(d) SEM micrograph of scaffold sin-
tered to 1300 °C with 4 coats (V=20kV;
WD=16.0mm; mag=100x)
(e) SEM micrograph of scaffold sin-
tered to 1300 °C with 5 coats (V=20kV;
WD=16.9mm; mag=100x)
Figure 7.16: SEM micrographs showing the effect of the number of coats of the
slurry on the structure of Ti-6Al-4V scaffolds produced using the 45 ppi template
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(a) SEM micrograph of scaffold sin-
tered to 1300 °C with 1 coat (V=20kV;
WD=16.6mm; mag=100x)
(b) SEM micrograph of scaffold sin-
tered to 1300 °C with 2 coats (V=20kV;
WD=16.7mm; mag=100x)
(c) SEM micrograph of scaffold sin-
tered to 1300 °C with 3 coats (V=20kV;
WD=16.5mm; mag=100x)
(d) SEM micrograph of scaffold sin-
tered to 1300 °C with 4 coats (V=20kV;
WD=16.5mm; mag=100x)
(e) SEM micrograph of scaffold sin-
tered to 1300 °C with 5 coats (V=20kV;
WD=17.1mm; mag=100x)
Figure 7.17: SEM micrographs showing the effect of the number of coats of the
slurry on the structure of Ti-6Al-4V scaffolds produced using the 90 ppi template
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Figure 7.18: Graph showing how the pore and strut size of Ti-6Al-4V structures
varies with the number of coats and sintering temperature on scaffolds produced
using the 45 ppi template
Figure 7.19: Graph showing how the pore and strut size of Ti-6Al-4V structures
varies with the number of coats and sintering temperature on scaffolds produced
using the 90 ppi template
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observed, most probably due to the pressure applied during squeezing, led to some
variation to the evenness of coating between samples. Furthermore, this is exacer-
bated by the fact that each measurement was taken from a different sample as the
method does not allow for structures to be sintered, an additional coating added
and re-sintering.
7.2.1.3 Porogen Inclusion
As the level of camphene included in the precursor slurry was increased, there was
little noticable change to the macrostructure of Ti scaffolds produced from either
template. At all sintering temperatures, with a low number of coats of the slurry on
the 45 ppi template, there was some variation. However, there was no consistency to
the variations. For example, when coated once and sintered to 1000 and 1200 °C the
samples with 25% porogen exhibited the smallest pore sizes, however at 1100 °C this
was the sample with 20% camphene and at 1300 °C, the sample with 0% porogen. As
the number of coats increased, the differences between the pore sizes measured from
scaffolds with different porogen contents decreased. In all cases, the samples coated
5 times and with 25% porogen in the slurry had the smallest pore sizes, however
in most cases this was not significantly different from those produced using less
camphene. As detailed further in Section 7.2.2, the struts exhibited microstructural
variations depending on the porogen content, however there were no significant
differences when considering the macrostructure. The relationships between the
pore and strut sizes, level of camphene incorporation and number of coats of the
slurry on the template of Ti constructs fabricated using the 45 ppi template are
shown in Figures 7.21, 7.22, 7.23 and 7.24 when sintered to 1000, 1100, 1200 and
1300 °C respectively.
The effect of coating the 90 ppi template with TiH2 slurries containing varying
amounts of porogen was similar as when coating the 45 ppi template. In partic-
ular, the range of measurements obtained for the pore size of structures fabricated
with one coating was decreased by increasing the number of coats, with the amount
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(a) SEM micrograph showing macrostruc-
ture of sample produced without camphene
(V=20kV; WD=12.5mm; mag=250x)
(b) SEM micrograph showing macrostruc-
ture of sample produced with 5% camphene
(V=20kV; WD=12.7mm; mag=250x)
(c) SEM micrograph showing macrostruc-
ture of sample produced with 10% camphene
(V=20kV; WD=14.7mm; mag=250x)
(d) SEM micrograph showing macrostruc-
ture of sample produced with 20% camphene
(V=20kV; WD=12.3mm; mag=250x)
(e) SEM micrograph showing macrostructure of
sample produced with 25% camphene (V=25kV;
WD=10.3mm; mag=250x)
Figure 7.20: SEM micrographs showing the macrostructure of Ti samples produced
using the 45 ppi template, with increasing camphene content through 0, 5, 10, 20
and 25wt.%
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Figure 7.21: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1000 °C
Figure 7.22: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1100 °C
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Figure 7.23: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1200 °C
Figure 7.24: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1300 °C
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of porogen having no consistent effect on the final size. The samples fabricated with
5 coats with 0% porogen were towards the upper size limits at each temperature,
however there was no trend as to which exhibited the smallest pore sizes. As such,
the smallest pore sizes for samples sintered to 1000, 1100, 1200, and 1300 °C were
measured on the samples fabricated with 10, 25, 25 and 5% porogen inclusion re-
spectively. Furthermore, the level of camphene inclusion had little significance on
the strut size, with graphs showing the relationships between the porogen content,
number of coats and pore/strut size for the structures fabricated using the 90 ppi
template and sintered to the different temperatures shown in Figures 7.25, 7.26, 7.27
and 7.28.
Figure 7.25: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1000 °C
As discussed above, at least three coats of the slurry were required on the template
to ensure the stability of the sample during sintering when Ti-6Al-4V structures
were fabricated without any porogen inclusion. Collapse to some of the structure
was also observed for some scaffolds produced with camphene present in the slurry.
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Figure 7.26: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1100 °C
Figure 7.27: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1200 °C
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Figure 7.28: Graph showing the relationships between number of coats, porogen
content and pore/strut size of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1300 °C
Again, this impacted scaffolds produced using the 45 ppi template more than those
from the 90 ppi template, however any sample produced with less than three coats
of the slurry could have been affected.
In general, the trends observed when varying the camphene content of Ti-6Al-4V
scaffolds were similar to those seen with Ti constructs. The inter sample range of
the pore size of constructs from both the 45 and 90 ppi templates decreased with an
increasing number of coats. Furthermore, there were no trends with respect to the
porogen content affecting which structures had the largest and smallest pore sizes.
For example, the pore size was smallest when coating the 45 ppi template 5 times,
and with 10, 25 and 5% porogen when sintered to 1200, 1250 and 1300 °C whilst
the smallest sizes were measured on samples fabricated with 20, 0 and 5% porogen
on structures from the 90 ppi template. The strut size, with representative SEM
micrographs shown in Figure 7.29 for scaffolds fabricated using the 45 ppi template,
also exhibited no significant differences between constructs fabricated with different
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porogen contents when all other processing parameters were the same. Graphical
representations of the relationships between the level of porogen, number of coats
and pore/strut size are shown in Figures 7.30, 7.31 and 7.32 and Figures 7.33, 7.34
and 7.35 for samples produced using the 45 and 90 ppi template respectively and
sintered to 1200, 1250 and 1300 °C.
7.2.2 Microstructure
The particles retained their features for all Ti structures, whilst micropores success-
fully generated on the macroporous struts through the introduction of the porogen
into the slurry. These were of a standard size of between 2-5 μm, regardless of the
level of porogen included. An increase to the camphene content led to an increase
in the amount and density of these micropores, as shown in Figure 7.36. Particu-
larly at the highest levels of porogen, this led to some coalescence, causing larger
micropores of up to 20-30 μm.
Struts of the scaffolds fabricated from Ti-6Al-4V also exhibited surface roughness, or
topology, regardless of the camphene content. Micropores of 2-5 μm were generated
on the struts of all samples incorporating camphene as a porogen. As the level
of porogen was increased, there was no change to the basic individual size of the
micropores obtained, however the number and density of these increased, as seen in
Figure 7.37, corroborating the results obtained using other materials. At the highest
levels, there was also some coalescence as seen with both Ti and HA.
7.2.3 Discussion
Porous Ti and Ti-6Al-4V scaffolds have been successfully fabricated with pore sizes
within the prescribed limit [12,13,15] of 100 - 900 μm for bone regenerative structures.
The results confirm that AFR can be used to produce macroporous structures with
a high degree of controllability, enabling the optimization of the pore and strut sizes.
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(a) SEM micrograph showing the
macrostructure of sample produced with-
out camphene (V=20kV; WD=19.2mm;
mag=250x)
(b) SEM micrograph showing the
macrostructure of sample produced with
5% camphene (V=20kV; WD=15.9mm;
mag=250x)
(c) SEM micrograph showing the macrostruc-
ture of samples produced with 10% camphene
(V=20kV; WD=16.1mm; mag=250x)
(d) SEM micrograph showing the macrostruc-
ture of sample produced with 20% camphene
(V=20kV; WD=16.1mm; mag=250x)
(e) SEM micrograph showing macrostructure of
sample produced with 25% camphene (V=10kV;
WD=8.0mm; mag=250x)
Figure 7.29: SEM micrographs showing the macrostructure of Ti-6Al-4V scaffolds
produced using the 45 ppi template, with increasing camphene content through 0,
5, 10, 20 and 25wt.%
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Figure 7.30: Graph showing the relationships between number of coats, porogen con-
tent and pore/strut size of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1200 °C
Figure 7.31: Graph showing the relationships between number of coats, porogen con-
tent and pore/strut size of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1250 °C
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Figure 7.32: Graph showing the relationships between number of coats, porogen con-
tent and pore/strut size of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1300 °C
Figure 7.33: Graph showing the relationships between number of coats, porogen con-
tent and pore/strut size of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1200 °C
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Figure 7.34: Graph showing the relationships between number of coats, porogen con-
tent and pore/strut size of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1250 °C
Figure 7.35: Graph showing the relationships between number of coats, porogen con-
tent and pore/strut size of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1300 °C
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(a) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with-
out camphene (V=20kV; WD=12.6mm;
mag=1000x)
(b) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
5% camphene (V=20kV; WD=13.6mm;
mag=1000x)
(c) SEM micrograph showing surface
roughness/microporosity of scaffolds pro-
duced with 10% camphene (V=20kV;
WD=14.6mm; mag=1000x)
(d) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
20% camphene (V=20kV; WD=12.4mm;
mag=1000x)
(e) SEM micrograph showing surface rough-
ness/microporosity of scaffolds produced with
25% camphene (V=25kV; WD=8.1mm;
mag=1000x)
Figure 7.36: SEM micrographs showing surface roughness/microporosity on Ti sam-
ples produced using the 45 ppi template, with increasing camphene content through
0, 5, 10, 20 and 25wt.%
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(a) SEM micrograph showing surface rough-
ness/microporosity of sample produced with-
out camphene (V=20kV; WD=19.3mm;
mag=1000x)
(b) SEM micrograph showing surface rough-
ness/microporosity of sample produced with
5% camphene (V=20kV; WD=16.0mm;
mag=1000x)
(c) SEM micrograph showing surface rough-
ness/microporosity of sample produced with
10% camphene (V=20kV; WD=16.2mm;
mag=1000x)
(d) SEM micrograph showing surface rough-
ness/microporosity of sample produced with
20% camphene (V=20kV; WD=16.1mm;
mag=1000x)
(e) SEM micrograph showing surface rough-
ness/microporosity of sample produced with
25% camphene (V=10kV; WD=10.3mm;
mag=1000x)
Figure 7.37: SEM micrographs showing surface roughness/microporosity of Ti-6Al-
4V scaffolds produced using the AFR with the 45 ppi template with increasing con-
tent through 0, 5, 10, 20 and 25wt.%
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It is known [549–551] that varying the sintering temperature has no significant
impact on the shrinkage of Ti structures. However, as titanium undergoes a phase
change from α to β at around 890 °C [44] which induces volumetric changes [551]of
2% in the unit cell, a range of sintering temperatures have been used. Furthermore,
the slow cooling rate may facilitate the formation of a state such as that seen by
Swarnakar et al [551], which has improved structural stability due to a reduction in
the amount of dislocations [552, 553]. Furthermore, as outlined in Section 7.2.1.1,
neither the pore nor strut size was significantly affected by changes to the sintering
temperature, although there was improved structural stability. This is likely to be
due to the general shrinkage from the template of up to 50%.
There was a decrease in the strut size, of up to 14% and 20% for structures from the
45 and 90 ppi template, when the sintering temperature was increased above 1100 °C
accompanied by a transformation from Ti to TiC and Ti-C-N of approximately
30%. An increase in the density should lead to a comparable volume reduction
for any affected material. The density of the Ti-C (5040 kg/m3) [554–556] and Ti-
C-N (5350 kg/m3) [554–556] phases which formed are both greater than that of the
α-Ti (4540 kg/m3) [554–556]. Therefore material that becomes TiC should occupy
approximately 12% less volume whilst material that becomes Ti-C-N should reduce
in volume by approximately 19%. The amount of material that undergoes phase
changes cannot be accurately predicted, and as such this generates some degree
of uncontrollable variability within the final structure. However, if precautionary
measures to restrict carbide formation were used, the pore and strut size of titanium
scaffolds would be highly controllable, as even with the shrinkage observed, the final
structure closely mimics that of the template.
Similar to the trends observed for Ti scaffolds, varying the sintering temperature had
little effect on the macrostructure of Ti-6Al-4V based constructs as was expected
[549–551,557]. The pore and strut size of structures fabricated from the 45 ppi and
90 ppi template, detailed in Section 7.2.1.1 were within normal experimental range
regardless of the final sintering temperature.
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Some Ti-6Al-4V structures exhibited collapse at all sintering temperatures, as out-
lined in Section 7.2.1.2. Multiple coats on the template enabled the body to maintain
its structure during sintering as any collapse was only observed if the template was
coated fewer than 3 times. Furthermore, this was significantly more noticable when
the 45 ppi template was replicated, however it was also observed when the 90 ppi
template was used. It is suggested that sample collapse is due to the polymer burn-
ing out before the particles have had sufficient time at an elvevated temperature
to consolidate, which in this work consisted of holding the structures for 3 hrs at
500 °C. However, Dewider and Kim [558] suggest that the polymer burnout temper-
ature should not be lower than 850 °C to ensure complete Ti-6Al-4V consolidation,
although sintering of titanium based materials fabricated via reticulation techniques
rarely involves holding at this temperature to facilitate the removal of the template.
For example, Lee et al [52, 53] hold at 800 °C for 3 hrs, Ahmad et al [67] and Zhao
et al [54] hold at 600 °C for 1 hr and an unspecified time respectively, and Cachinho
and Correira [51, 232] and Li et al [275] hold at 500 °C, both for 2 hrs. In no case
are there any reports of any sample distortion compared to the template. Interest-
ingly both Ahmad et al [67] and Li et al [275] report an increase in the amount of
carbon in the final material after sintering titanium alloys (Al3Ti and Ti-6Al-4V
respectively), whilst Lee et al [53] observed increased carbon content in Ti struc-
tures. Finally, in all cases where specified [51, 67, 232, 275], the heating rate used
was 1 °C/min although in this work it was 3 °C/min. This increase may have led to
the quicker removal of the polymer and thus caused the collapse.
As previously discussed in Section 6.2.5, it is undesirable for any microporosity
to detrimentallly affect the macrostructure. The integrity of Ti and Ti-6Al-4V
structures is not affected by the inclusion of a porogen and thus these structures
could be suitable for enhancing the biological functionality of the scaffolds, provided
the microporosity has the desired effect on cell attachment and proliferation as has
been previously shown in thie work for HA fabrications from AFR in Section 6.4. It
was expected that increasing the level of porogen would have decreased the amount
of collapse of Ti-6Al-4V samples due to the production of routes for the polymer to
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be removed from the structure [267, 268, 355]. However, as this is not the case, it
is more likely that the greater ease with which the polymer can be removed could
exacerbate the problem as the stability provided by the template is prematurely
destroyed. Thus, provided there are a sufficient number of coats of the slurry on
the scaffold for it to maintain its integrity, the inclusion of a porogen does not have
any effect on the structure.
As with structures fabricated from HA, Section 6.2.2.1, the level of porogen had
no impact upon the base size of the micropores, as shown in Figures 7.36 and 7.37
for Ti and Ti-6Al-4V fabrications. Instead, increasing the amount of camphene
in the slurry caused an increase in the number and density of the micropores, to
the point where there was coalescence. The pore size in freeze cast structures is
related to the freezing temperature as opposed to the amount of porogen present
[250, 254, 255, 257, 258] and thus no effect on the micropore size was expected. As
freeze casting Ti and Ti-6Al-4V structures to different temperatures should affect
the microporosity in the same way as seen when the temperature was varied for HA
constucts, this has not been investigated here.
7.3 Porosity
7.3.1 Porosity Measurements
In general, varying the processing parameters had similar effects on the porosity
of the final structure, regardless of which template or material the scaffold was
produced from. The porosity of titanium samples from the 45 ppi template was
largely unaffected by the sintering temperature, as shown in Figure 7.38, with values
ranging from 85 to 94% at 1000 °C, 85 to 92% at 1100 °C, 85 to 94% at 1200 °C and
85 to 91% at 1300 °C. Varying the porogen content also had no consistent effect on
the porosity; although there were some differences in the values obtained with the
other processing parameters remaining equal, there was no trend as to which sample
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Figure 7.38: Porosity (%) of Ti scaffolds fabricated using the 45 ppi template, with
5 coats of the slurry on the template, with varying porogen content and sintering
temperature
exhibited the least or most porosity. The only variable that had a significant effect
was the number of coats of the slurry on the template. Particularly when comparing
samples coated once to those with 5 coats, there was a decrease in porosity in all
cases except for those produced with 20% porogen and sintered to 1000°C (which
increased by 2%), and with 10 and 25% porogen when sintered to 1300°C (which
increased by 1 and 4 %). The relationships between the number of coats, sintering
temperature and porosity of samples from the 45 ppi template and sintered to 1000,
1100, 1200 and 1300 °C are shown in Figures 7.39 - 7.42.
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Figure 7.39: Porosity (%) of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1000 °C, with varying porogen content and number of coats of the slurry
Figure 7.40: Porosity (%) of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1100 °C, with varying porogen content and number of coats of the slurry
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Figure 7.42: Porosity (%) of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1300 °C, with varying porogen content and number of coats of the slurry
Figure 7.41: Porosity (%) of Ti scaffolds fabricated using the 45 ppi template and
sintered to 1200 °C, with varying porogen content and number of coats of the slurry
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Figure 7.43: Porosity (%) of Ti scaffolds fabricated using the 90 ppi template, with
5 coats of the slurry on the template, with varying porogen content and sintering
temperature
Titanium structures fabricated from the 90 ppi template exhibited very similar char-
acteristics to those obtained using the 45 ppi template. The sintering temperature
had little noticable effect on the porosity, as shown in Figure 7.43, with values from
81 to 93, 84 to 94, 87 to 92, and 85 to 91% at 1000, 1100, 1200 and 1300 °C respec-
tively. The porogen content also did not cause significant changes to the porosity,
with values generally within a small range when the other processing parameters
remained constant. Finally, as with samples from the 45 ppi template, an increase
to the number of coats from one to five caused a decrease in the final porosity in all
samples except those produced with 25% porogen and sintered to 1000 °C (which
increased by 1%), and with 5% porogen when sintered to 1100 °C (which remained
the same). The relationships between the processing parameters and porosity of Ti
samples fabricated using the 90 ppi template when sintered to the different temper-
atures are shown in Figures 7.44 - 7.47.
Structures fabricated from Ti-6Al-4V exhibited similar trends as those from Ti.
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Figure 7.44: Porosity (%) of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1000 °C, with varying porogen content and number of coats of the slurry
Figure 7.45: Porosity (%) of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1100 °C, with varying porogen content and number of coats of the slurry
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Figure 7.46: Porosity (%) of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1200 °C, with varying porogen content and number of coats of the slurry
Figure 7.47: Porosity (%) of Ti scaffolds fabricated using the 90 ppi template and
sintered to 1300 °C, with varying porogen content and number of coats of the slurry
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Figure 7.48: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 45 ppi tem-
plate, with 5 coats of the slurry on the template, with varying porogen content and
sintering temperature
The samples produced from the 45 ppi template were relatively unaffected by the
amount of porogen in the slurry, with some variation that was not systematic. The
samples sintered to 1200 and 1300 °C exhibited similar porosities, however those
sintered to 1250 °C were approximately 5% lower on average, as shown in Figure
7.48. The number of coats of the slurry on the template affected the porosity,
with samples coated multiple times generally exhibiting lower porosities than those
coated once. There were only two instances of the sample with five coats exhibiting
higher porosities than those with one coat - those with 25% porogen inclusion at
1200 °C (which increased by 1%) and with 20% at 1300 °C (which stayed the same).
It is thought that this may have been due to the sample with fewer coats collapsing
during sintering. The effect of varying the number of coats and sintering temperature
on the porosity of samples sintered to 1200, 1250 and 1300 °C is shown in Figures
7.49, 7.50 and 7.51 respectively.
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Figure 7.49: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1200 °C, with varying porogen content and number of coats of the
slurry
Varying the sintering temperature of Ti-6Al-4V samples fabricated using the 90 ppi
template only had a small effect on the porosity. Sintering to 1250 °C led to struc-
tures to have a more consistent porosity, with values between 77 and 89%, regardless
of the other processing parameters, whilst those sintered to 1200 and 1300 °C had
larger ranges of 76 to 91 and 74 to 91%, as shown in Figure 7.52. In general, varying
the porogen content did not have an impact on the porosity. However, when sam-
ples were sintered to 1300 °C, there was a much larger range when the samples were
coated 3 times, of 76 to 89%, than observed in any other case. However, this does
not necessarily seem to be caused by the porogen inclusion as there is no trend as
to which have greater, or lesser, porosities. It is thought that the random nature of
sample collapse affected structures most at this point. Finally, in all cases, increas-
ing the number of coats from one to five led to an approximately linear decrease
in the porosity in all cases. This affected structures sintered to 1200 and 1300 °C
slightly more than those sintered to 1250 °C, with average decreases of 12, 13 and 9%
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Figure 7.50: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1250 °C, with varying porogen content and number of coats of the
slurry
Figure 7.51: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 45 ppi template
and sintered to 1300 °C, with varying porogen content and number of coats of the
slurry
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Figure 7.52: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 90 ppi tem-
plate, with 5 coats of the slurry on the template, with varying porogen content and
sintering temperature
respectively. The relationships between the porosity, number of coats and porogen
content at the various sintering temperatures are shown in Figures 7.53 - 7.55.
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Figure 7.53: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 90 ppi template
and sintered to 1200 °C, with varying porogen content and number of coats of the
slurry
7.3.2 Discussion
The porosity of Ti samples, 81 to 94%, produced from both templates decreased with
the number of coats, with a slight decrease with increasing sintering temperature.
Additionally, the porosity for structures produced from the 45 ppi template was
approximately 5% greater than for those from the 90 ppi template whilst the level
of porogen had little impact upon the porosity.
As discussed above, in Section 7.2.3, the sintering temperature does not significantly
affect the densification or shrinkage of Ti scaffolds [549–551]. Thus, it was not
expected that this would have a large impact upon the level of porosity of the
final scaffolds. Scaffolds with similar levels of porogen had porosity values within
normal experimental ranges regardless of the sintering temperature. Lee et al [53]
increased the number of coats of foam reticulation produced Ti scaffolds to reduce
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Figure 7.54: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 90 ppi template
and sintered to 1250 °C, with varying porogen content and number of coats of the
slurry
Figure 7.55: Porosity (%) of Ti-6Al-4V scaffolds fabricated using the 90 ppi template
and sintered to 1300 °C, with varying porogen content and number of coats of the
slurry
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the porosity and increase the mechanical strength. Furthermore, similar effects have
been found with calcium phosphate based constructs [267, 270]. AFR fabricated
structures exhibited similar characteristics when increasing the number of coats as
porosity is predominantly generated via foam reticulation.
The level of porogen had no significant effect on the total porosity even though
it is included with the aim of producing microporosity on the struts. As high
sintering temperatures were required to ensure the complete removal of the template
and degassing of the structure [558], there was increased densification and hence
shrinkage of the final scaffold compared to the green bodies before sintering. This
led to smaller macro and micropores and thus the impact upon the total porosity
was relatively limited.
Scaffolds fabricated from Ti-6Al-4V exhibited similar trends with respect to the
level of porosity as those observed with Ti and HA scaffolds, although over a slightly
larger range of between 74 and 94%. Increasing the sintering temperature of Ti-6Al-
4V does not effect densification [549–551,557], as is also seen in this work with the
negligible effect on porosity. The porogen content also had a limited effect due to the
high levels of shrinkage compared with the template and the predominance of the
macroporosity on the total porosity as previously mentioned. However, increasing
the number of coats of the slurry reduced the porosity and increased the mechanical
strength [53,267,270] similar to HA and Ti constructs.
Interestingly, scaffolds that underwent some collapse during sintering had no dis-
cernible differences in the level of porosity as to what would have been expected
from complete scaffolds. There are two possible explanations for this. Firstly,
collapsed constructs may have undergone increased TiC formation, which has an
increased density compared to Ti-6Al-4V. XRD was only undertaken on selected
samples and as such the exact amount of carbide formation for every fabrication
is not known. As porosity calculations were made assuming no carbide formation,
the relative normality in the porosity may have been caused by differences in the
amount of carbide in collapsed samples. Secondly, during polymer pyrolysis, some
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of the slurry may have been removed from the construct. The ratio of pore to strut
sizes did not differ greatly between samples that collapsed and those that did not
which would only be possible if the volume of titanium decreased in collapsed sam-
ples. The weights of complete dry samples prior to submerging in water, given in
Table 7.9, further corroborates this. There have been no other reports of scaffolds
affected in this way and as such further investigations into this are necessary to
determine the exact reasons behind the observed phenomenom.
1 coat 2 coat 3 coat 4 coat 5 coat
45 ppi
1250 °C 0.056
± 0.02
0.12
± 0.08
0.090
± 0.05
0.046
± 0.02
0.093
± 0.02
1300 °C 0.091
± 0.04
0.077
± 0.02
0.044
± 0.01
0.058
± 0.01
0.10
± 0.03
1350 °C 0.058
± 0.02
0.034
± 0.01
0.054
± 0.02
0.073
± 0.02
0.11
± 0.03
90 ppi
1250 °C 0.088
± 0.04
0.36
± 0.09
0.57
± 0.07
0.38
± 0.08
0.53
± 0.10
1300 °C 0.16
± 0.05
0.54
± 0.11
0.52
± 0.11
0.58
± 0.04
0.60
± 0.11
1350 °C 0.13
± 0.03
0.32
± 0.09
0.27
± 0.07
0.38
± 0.06
0.44
± 0.03
Table 7.9: Average dry weights (g) for samples sintered to different final tempera-
tures with different numbers of coatings of the slurry on the template. Weights of
scaffolds with varying porogen contents have been averaged for each temperature
and coating number
The porosity values for Ti-6Al-4V scaffolds were slightly lower than those observed
for Ti scaffolds. As the material becomes cubic (TiC) [546, 554–556] as opposed to
HCP (α-Ti, β-Ti or Ti-6Al-4V) [554–556] the density increases which is associated
with a reduction in the volume of the material or an increase in weight of the scaffold.
Although in bulk constructs volumetric changes generate internal stresses [559–562],
the porosity in scaffolds structures allows for volumetric changes [562,563]. Changes
to the weight of the scaffold are more likely in this case as the material has undergone
a phase change to TiC or Ti-C-N and has thus incorporated C or N atoms. A greater
proportion of the material underwent a phase change to TiC for structures fabricated
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from Ti-6Al-4V, up to 93% as detailed in Table 7.3, as opposed to from Ti, up to
81% detailed in Table 7.1, which is believed to be the reason that a greater amount of
shrinkage when compared to the template (up to 56 or 42% for Ti-6Al-4V scaffolds
from the 45 or 90 ppi templates compared to up to 44 or 33% for Ti constructs) was
observed.
7.4 Mechanical Properties
7.4.1 Yield Stress Calculations
As the experimentally obtained mechanical properties of as-fabricated HA scaffolds
matched the theoretical values, Section 6.3, the mechanical strengths of Ti and
Ti-6Al-4V scaffolds were calculated using Equation 4.10, with the shape factor cal-
culated using Equation 4.11.
The compressive yield stress of structures fabricated from Ti using the 45 ppi tem-
plate was relatively independant of the sintering temperature, with structures gen-
erally exhibiting a similar range of strengths when the other variables remained
constant, as shown in Figure 7.56. There was a slight general increase, although the
highest value was obtained with a sintering temperature of 1200 °C (942 ± 132kPa)
with any variation more noticable when structures were coated multiple times. In-
cluding the porogen in the precursor slurry did not have a detrimental effect on
the mechanical strength in most cases, however when sintered to 1200 and 1300 °C
those without porogen exhibited the greatest strength. Increases to the mechanical
strength could be obtained by increasing the number of coats of the slurry on the
template, with only one instance of a decrease, from 166 ± 25 to 82 ± 15 kPa, when
increasing the number of coats from one to five for the sample with 20% porogen
and sintered to 1000 °C. In general, there was a reasonably linear increase however,
particularly with samples sintered to 1000 °C the relationship was more exponen-
tional. The relationships between the processing parameters and the strength for
Ti scaffolds from the 45 ppi template are shown in Figures 7.57 - 7.60.
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Figure 7.56: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using 3 coats of the slurry on the 45 ppi template, with varying porogen content and
sintering temperature
Figure 7.57: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 45 ppi template and sintered to 1000 °C, with varying porogen content and
number of coats of the slurry
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Figure 7.58: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 45 ppi template and sintered to 1100 °C, with varying porogen content and
number of coats of the slurry, plotted on same y-scale as Figure 7.57
Titanium structures produced using the 90 ppi template generally exhibited simi-
lar characteristics to those from the 45 ppi template. Furthermore, there were no
significant differences in using the less porous template with respect to the theo-
retical compressive strength apart from the structure produced with 5% camphene
included in the slurry and sintered to 1000 °C. The samples exhibited significantly
higher strengths when coated 4 and 5 times (1.5 ± 0.3 and 1.8 ± 0.3 MPa respec-
tively) than any other Ti sample. Disregarding this sample however, varying the
sintering temperature, as shown in Figure 7.61 and porogen content had little im-
pact on the strength of the scaffold, with values ranging from 65 ± 8 to 759 ± 124,
32 ± 6 to 1088 ± 178, 72 ± 16 to 671 ± 113 and 109 ± 25 to 655 ± 138 kPa at 1000,
1100, 1200 and 1300 °C respectively. The only parameter that had a consistent ef-
fect on the strength was the number of coats. As this was increased there was an
associated increase in the average yield stress, with only the sample produced with
25% porogen and sintered to 1000 °C exhibiting a decrease as the number of coats
was increased from one to five from 155 ± 42 kPa to 125 ± 27 kPa. The effects of
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Figure 7.59: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 45 ppi template and sintered to 1200 °C, with varying porogen content and
number of coats of the slurry, plotted on same y-scale as Figure 7.57
Figure 7.60: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 45 ppi template and sintered to 1300 °C, with varying porogen content and
number of coats of the slurry, plotted on same y-scale as Figure 7.57
244
CHAPTER 7. TITANIUM/TITANIUM-ALUMINIUM-VANADIUM
Figure 7.61: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using 3 coats of the slurry on the 90 ppi template, with varying porogen content and
sintering temperature
varying the number of coats and porogen content on Ti samples from the 90 ppi
template and sintered to 1000, 1100, 1200 and 1300 °C are shown in Figures 7.62 -
7.65.
Samples fabricated from Ti-6Al-4V were generally much stronger in compression
than those from either HA or Ti. The relationships between the compressive strength
of Ti-6Al-4V samples from the 45 ppi template and the number of coats and porogen
contents after sintering at 1200, 1250 and 1300 °C are shown in Figures 7.67, 7.68
and 7.69. Samples sintered to 1200 and 1300 °C exhibited similar strengths, of 238
± 30 to 2147 ± 357 and 219 ± 43 to 2553 ± 456kPa respectively, however those
sintered at 1250 °C exhibited much higher values, of 349 ± 34 to 7025 ± 1450kPa, as
shown in Figure 7.66. The porogen content only had an effect when samples sintered
to 1250 °C were coated multiple times, with the strength generally decreasing with
increasing porogen content. However, the weakest sample for each number of coats
was stronger than when all other conditions were unchanged apart from the sintering
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Figure 7.62: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 90 ppi template and sintered to 1000 °C, with varying porogen content and
number of coats of the slurry
Figure 7.63: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 90 ppi template and sintered to 1100 °C, with varying porogen content and
number of coats of the slurry, plotted on same y-scale as Figure 7.62
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Figure 7.64: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 90 ppi template and sintered to 1200 °C, with varying porogen content and
number of coats of the slurry, plotted on same y-scale as Figure 7.62
Figure 7.65: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using the 90 ppi template and sintered to 1300 °C, with varying porogen content and
number of coats of the slurry, plotted on same y-scale as Figure 7.62
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Figure 7.66: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using 3 coats of the slurry on the 90 ppi template, with varying porogen content and
sintering temperature
temperature. Finally, increasing the number of coats from one to five led to an
increase in the compressive yield stress in all cases apart from the sample produced
with 25% porogen and sintered to 1200 °C which decreased from 859 ± 176 to 680
± 56kPa.
The mechanical properties of Ti-6Al-4V scaffolds from the 90 ppi template exhibited
similar characteristics as to those already mentioned, with the relationships between
the number of coats, porogen content and theoretical strength shown in Figures
7.71, 7.72 and 7.73 when sintered to 1200, 1250 and 1300 °C respectively. Increasing
the sintering temperature did not have a great impact on the mechanical strength,
however those sintered to 1200 and 1300 °C were stronger than those sintered to
1250 °C after multiple coats were added as shown in Figure 7.70. For example, the
structures produced without porogen and coated five times had yield stresses of
13.6 ± 1.1 and 13.7 ± 2.7MPa when sintered to 1200 and 1300 °C, whilst that of
the sample sintered to 1250 °C was 7.9 ± 1.9MPa. There was some decrease to the
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Figure 7.67: Theoretical compressive yield strength (kPa) of Ti-6Al-4V scaffolds
fabricated using the 45 ppi template and sintered to 1200 °C, with varying porogen
content and number of coats of the slurry
Figure 7.68: Theoretical compressive yield strength (kPa) of Ti-6Al-4V scaffolds
fabricated using the 45 ppi template and sintered to 1250 °C, with varying porogen
content and number of coats of the slurry, plotted on same y-scale as Figure 7.67
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Figure 7.69: Theoretical compressive yield strength (kPa) of Ti-6Al-4V scaffolds
fabricated using the 45 ppi template and sintered to 1300 °C, with varying porogen
content and number of coats of the slurry, plotted on same y-scale as Figure 7.67
yield stress when the porogen was included with samples coated multiple times, with
values decreasing from 13.6± 1.1 to 5.3 ± 0.5, 7.9 ± 1.9 to 6.0 ± 1.1 and 13.7 ± 2.7
to 6.0 ± 1.0MPa at 1200, 1250 and 1300 °C as the porogen content was increased
from 0 to 25%. This was not a linear decrease, with the samples with 5% porogen
marginally different than those with 0%, and those with 10, 20 and 25% having only
slight variations. Finally, as with all AFR fabrications, increasing the number of
coats led to an increase in the mechanical properties.
7.4.2 Discussion
The density measurements, combined with the macropore, micropore and strut sizes,
were used to calculate the theoretical mechanical properties of Ti and Ti-6Al-4V
scaffolds. As the theoretical calculations matched the experimentally obtained val-
ues for HA scaffolds, as detailed in Section 6.3, it was deemed appropriate to use
Equation 4.10 with Equation 4.11 to determine the yield stress of scaffolds fabricated
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Figure 7.70: Theoretical compressive yield strength (kPa) of Ti scaffolds fabricated
using 3 coats of the slurry on the 90 ppi template, with varying porogen content and
sintering temperature
Figure 7.71: Theoretical compressive yield strength (kPa) of Ti-6Al-4V scaffolds
fabricated using the 90 ppi template and sintered to 1200 °C, with varying porogen
content and number of coats of the slurry
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Figure 7.72: Theoretical compressive yield strength (kPa) of Ti-6Al-4V scaffolds
fabricated using the 90 ppi template and sintered to 1250 °C, with varying porogen
content and number of coats of the slurry, plotted on same y-scale as Figure 7.71
Figure 7.73: Theoretical compressive yield strength (kPa) of Ti-6Al-4V scaffolds
fabricated using the 90 ppi template and sintered to 1300 °C, with varying porogen
content and number of coats of the slurry, plotted on same y-scale as Figure 7.71
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from Ti and Ti-6Al-4V.
As the sintering temperature and level of porogen inclusion did not have a significant
impact upon the porosity or macrostructure of the scaffolds, a limited effect on
the yield stress was expected. The shape factor incorporates the micropore size
into strength calculations by allowing for microstructural characteristics [424, 425],
however as they remain of a similar size regardless of the level of porogen the effect
was again expected to be limited.
An increase in the number of coats of the slurry generally led to an increase in the
yield stress of scaffolds from both materials. Decreasing the porosity is known to lead
to improved mechanical properties [50,53,54,65,230,275,564,565]. As increasing the
number of coats causes a reduction in the level of porosity, it was expected that the
yield stress would increase, as observed. Also as a result of the increase in the number
of coats, a reduced ratio of strut to pore size further limits the reduction compared
to the yield stress of bulk structures. Finally, the differences in the porosity of the
templates influences the mechanical strength as the 90 ppi template and subsequent
scaffolds exhibit decreased porosity.
In most cases, the mechanical strength of Ti-6Al-4V scaffolds was much greater than
those fabricated from Ti. The bulk yield stress of Ti-6Al-4V is over twice that of
Ti (795 vs 328MPa respectively [411]). Furthermore, Ti-6Al-4V samples underwent
increased shrinkage and as such the ratio of pore to strut size was slightly decreased.
The ratio of pore to strut size plays an important role in the theoretical mechanical
strength as this value is raised by the power of 1.5. Furthermore, the increased
shrinkage and resultant decrease in porosity, a variable which is cubed in Equation
4.10, has a significant influence on the final calculated strength of the samples.
Scaffolds produced from Ti using existing methodologies have yield stresses ranging
from 1.2MPa at 86% porosity to 24MPa at 70% [50, 52–54, 67, 229, 230, 232, 565]
whilst those from Ti-6Al-4V have yield stresses from 10MPa at 90% porosity to
36MPa at 80% [65, 230, 275] as shown in Table 7.10. Scaffolds fabricated via AFR
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from Ti have a yield stress of between 0.002 and 1.8MPa at 90 and 81% porosity
respectively, whilst those from Ti-6Al-4V are between 0.21 and 13.6MPa at 93 and
76%. The strength of Ti scaffolds is outside of the range of native cancellous bone
(2-23MPa [229]), and as such, although structurally similar, they are unsuitable for
use as bone replacements. Furthermore, the values obtained are lower than those
achieved by others [50,52,53,67,229,230,565] and as such other techniques such as
powder metallurgy [50, 230] or space holder methodologies [227, 230, 231] could be
more suited to bone regenerative medicine. However, decreasing the porosity could
lead to Ti structures with suitable mechanical and structural properties and as such
should be investigated. Ti-6Al-4V scaffolds with lower porosities have a yield stress
similar to that of native bone and as such, coupled with the structural similarities
could be suitable as bone scaffolds. The biological performance needs investigation
however to confirm this.
Table 7.10: Mechanical strength and porosity of Ti-based materials
Porosity (%) Strength (MPa) Ref
Ti
84 7.16 [67]
78 8.6 [54]
75 18 [50]
75 23.72 [51,232]
70 18 [52]
70 24.2 [53]
81-94 0.002-1.8 This work
Ti-6Al-4V
90 10.3 [65,275]
80 36 [230]
74-94 13.6-0.21 This work
All theoretical calculations have been made assuming that the scaffolds are pure Ti
or Ti-6Al-4V. However XRD analysis (Section 7.1) has indicated that in most cases
there has been some phase transformation to a multi-phase Ti, TiC and Ti-C-N
material. The investigations into the different mechanical properties of TiC and
Ti-C-N components has been based around their use as cutting tool heads. The
major advantage of carbides over pure metals for that application is the decrease in
the amount of wear seen with no discernible effect on the hardness [566] or fracture
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strength [567]. However, Zhu et al [568] have shown a 15% composite of Ti and
TiC to have a yield strength even greater than that of Ti-6Al-4V, although Liu
et al [549] suggested that very high carbon content can lead to the formation of
graphite and TiC, reducing the hardness. Furthermore, the corrosion resistance of
Ti-6Al-4V alloys increased with C or N ion [549] implantation which may have an
impact on the biological behaviour, particularly in-vivo. The final point to consider
with regards to the mechanical properties of titanium carbide is that stoichiometric
TiC has increased yield stress, wear resistance and hardness over non-stoichiometric
TiC [546,569]. The formation of the carbide was not intended, and although in this
work stoichiometric TiC was generated, it cannot be guaranteed that this would
always occur.
7.5 Summary
The AFR method has been successfully implemented to fabricate structures from
both Ti and Ti-6Al-4V. The inert atmosphere generated for sintering of the con-
structs stopped the formation of any oxide, however some carbide and carbide-nitride
was formed on both Ti and Ti-6Al-4V structures, with this particularly prevalent
above 1100 °C. Although not desirable, this does not detrimentally affect the bio-
compatibility and so was not removed prior to the other analyses implemented in
this work.
The trends observed whilst varying the processing parameters were similar to those
observed when using HA as the biomaterial. The macrostructure of the final con-
structs closely replicated that of the template, albeit with some shrinkage. Whilst
the sintering temperature had a limited effect on the pore and strut size, increasing
the number of coats of the slurry on the template led to a decrease in the pore size
and increase in strut size. Finally, varying the porogen content in the precursor
slurry had no effect on the macroporous network, but instead led to the genera-
tion of micropores. Although the size was unchanged, the level and density of the
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micropores increased with increasing camphene content.
Fabrications had high levels of porosity, which was independant within expected
error of the sintering temperature or porogen content. However an increase to the
number of coats generally led to a decrease in the porosity. The mechanical strength
of Ti constructs was particularly weak, with theoretical values below that required
for bone regeneration. However, the yield stress of Ti-6Al-4V constructs with lower
porosities was within the limits outlined for bone reparative scaffolds.
Both Ti and Ti-6Al-4V structures are known to be biocompatible, hence biological
evaluation has not been undertaken on structures from either material in this work.
Thus, whilst it has not been verified, it is that that the enhanced viability observed
with HA is likely to also be seen with Ti and Ti-6Al-4V constructs. Furthermore,
structures from pure Ti and Ti-6Al-4V are required before biocompatibility can be
assessed as, although biocompatible, the impurities observed in this work are likely
to decrease the bioinductivity.
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Chapter 8
Is AFR a Viable Alternative?
There are many existing methods capable of fabricating bioscaffolds. However none
fulfill all of the wide range of requirements outlined in Section 1.1.1 which scaffolds
should adhere to in order to be successful. Briefly, they must have a 3D inter-
connected porosity of suitable pore sizes: macropores and micropores as well as
surface topography. Structures should also be biocompatible, bioactive and if pos-
sible bioresorbable, with mechanical properties matched to those of bone. Finally,
the manufacturing technique should allow for controllability and repeatability at a
suitable cost. This chapter discusses AFR as a whole and considers its suitability as
a viable alternative to autografts and scaffolds fabricated using other methodologies.
8.1 Pore Size
One of the objectives was to develop a technique that offers a more viable alternative
to autografts than preexisting methods. As has been previously discussed, Section
3.3, the existing techniques can all be used to produce structures with pore sizes
within the limits specified for bone regeneration. The size of ALM fabrications
is controlled by the user, and as such scaffolds have been produced with pores
of suitable sizes [318, 319, 322, 324, 338]. Solvent cast structures have pore sizes
which are determined by the size of the porogen [235], with possible pore sizes
of up to 600 μm [570]. Porosity in sol-gel derived materials can be produced by
foaming [295], porogen inclusion [305, 306], dip-coating onto scaffolds fabricated by
other methods [300, 302] or sintering sol-gel microspheres together [307, 334]. This
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allows for the large range obtainable, however foaming is difficult to control [12],
and the inclusion of a porogen necessitates relatively small constructs to ensure the
complete removal of the porogen.
The AFR method has been successfully implemented to produce structures with
pore sizes within the prescribed limits for bone regeneration. Scaffolds were pro-
duced using templates with two different pore sizes (622 and 253 μm for the 45 and
90 ppi PU foam templates respectively), with constructs having pore sizes between
97.5± 7.4 and 546±38 μm depending on the processing parameters. Whilst the pore
size of cancellous bone ranges from 1-3500 μm depending on the location within
the body [3], the predetermined optimal range for scaffold pore sizes is 100-900 μm.
Thus the size of constructs is suitable for bone regenerative applications, with the
potential to use alternative templates, as has been demonstrated by others [273,276],
which could extend the range observed here.
All scaffolds have a macroporous network of pore sizes within the prescribed limits
for bone regenerative scaffolds. There is currently no consensus however as to a
single size that optimises cell viability. The viability assays undertaken for this
work, Section 6.4, seem to confirm this. When comparing scaffolds from both pore
sizes to a commercially available porous disc, the MG63 cell number, shown in
Figure 6.54, does not differ significantly between structures from the 45 and 90 ppi
templates, although both offer enhanced viability over the CellSupports disc. When
considering the average 3T3 cell numbers from all the scaffolds produced on each
template, Figure 6.58, there is again no significant difference. The only instance
where there is a significant difference between the templates is when MC3T3 cells
were seeded on constructs with 25% porogen, where those from the 45 ppi template
offered greater viability than scaffolds from the 90 ppi template, particularly after 7
days culture, as shown in Figure 6.59. In this case, a decrease in the number of viable
cells is seen on the 90 ppi constructs between 4 and 7 days, a phenomenon which
needs further investigations. If, however, as described in Section 6.4.6, it is due to
certain cells undergoing the physiological changes to become more osteoblastic, then
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the 45 ppi template may actually be inferior to the 90 ppi template.
One consideration regarding the controllability of pore size production however is
the amount of shrinkage. In most cases, pore and struts underwent approximately
50% shrinkage compared to the templates. Nevertheless, the size of the macrostruc-
tural features was controllable and repeatable, as discussed further in Sections 8.6
and 8.7. Thus, although the final structure is within the range described, this should
be accounted for in future scaffold production. It may be suitable to use templates
with even greater pore sizes to obtain structures with pores closer to the upper
limits of the prescribed range such that their porosity, mechanical properties and
cell viability can be determined. However, decreasing the pore size and increasing
the relative strut size, particularly when this has been obtained by coating the tem-
plates multiple times with the slurry, led to a significant increase in the mechanical
properties of the scaffolds. When using HA or Ti as the biomaterial, as detailed in
Sections 6.3 and 7.4, this is imperative in ensuring the compressive yield stress is as
similar as possible to that of bone.
Of particular importance is that both macro and microporosity can be produced.
Although further investigations should be made to determine the behaviour of cells
with respect to macroporous structures with microporous struts, the initial analyses
undertaken here, Section 6.4, and previous work by Woodard et al [333], suggests
that this may have a positive effect on cell viability. The results of this work suggest
that the most important feature of microporosity within the struts is that cells can
fully infiltrate the micropores, whilst pores that are smaller than the size of the cells
results in little effect on in-vitro cell viability. Finally, as the presence of multi-scale
porosity is present on all materials tested, the enhanced biological viability due to
the presence of both types of porosity can be assumed to be translated across all
materials, although this would require confirmation through suitable analyses.
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8.2 Porosity
Structures from all materials exhibited a high degree of porosity of 74-96%. In all
cases the macrostructure was interconnected and of a trabecular nature, as shown in
SEM micrographs, such as Figures 6.5, 6.6, 7.12, 7.13, 7.16 and 7.17, and microCT
images, as shown in Figures 6.38 and 6.39, similar to that found in cancellous bone.
As such, it is suited to the flow of nutrients, metabolites and bodily fluids found in-
vivo. The introduction of a porogen led to the controllable, simultaneous production
of microporosity, considered essential for the attachment of cells and vascularisation
of the constructs.
The level of porosity can be tailored with variations to the processing parameters.
In particular, increasing the number of coats from 1 to 5 led to a decrease in porosity
of up to 15%, whilst only increasing the sintering temperature for HA constructs
led to further decreases, of up to 5%. Finally, the template used also affected the
porosity, with structures from the 45 ppi template approximately 5% more porous
than those from the 90 ppi template. The inclusion of a porogen and the use of dif-
ferent materials had only a small impact on the porosity, indicating that structures
can be made to a desired value. The incorporation of microporosity had a small
effect (<3%) on the overall porosity due to the dominance of the highly open macro-
porosity, and the shrinkage and densification of structures. Even after freezing of
the scaffolds to different temperatures, the microporosity did not have a significant
impact upon the porosity, indicating that the micropores were more likely to provide
surface roughness.
The porosity of cancellous bone is location specific, and ranges from 10 to 90%
[43, 571]. It is relatively simple to develop structures with specific porosities using
ALM techniques, with the range obtainable dependent on the CAD model and sin-
tering properties of the material [310,312,338]. Whilst solvent casting can generate
structures with up to 90% porosity [570], this is limited to small structures due to
potential issues with porogen removal. Sol-gel techniques have a narrow range of
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50-70% [305,306], which although within the range of cancellous bone does not allow
samples with the maximum amount of porosity observed in native bone. Freeze cast-
ing has been used previously to develop structures with up to 75% porosity [253,260],
however it is extremely difficult to increase this significantly. Meanwhile foam retic-
ulation can be used to generate structures with up to 95% porosity [267, 277]. As
determination of the exact lower limits of potential porosities requires further inves-
tigations, it is not possible at this stage to explicitly state the range obtainable for
AFR fabricated structures, however the work presented here suggests that there is a
wide scope for different porosities suited to cancellous bone regenerative medicine.
The total range of foam reticualted structures is dependant on the template and the
processing conditions, hence further work needs to be undertaken to determine the
minimum porosity obtainable using AFR whilst retaining the 3D interconnectivity.
8.3 Compressive Strength
For this work, a standard equation to predict the theoretical strength of porous
constructs, Equation 4.10, has been combined with an equation facilitating the gen-
eration of a shape factor, Equation 4.11, to determine the compressive yield stress
of macroporous structures with microporous struts. The strength of constructs with
such features has not been investigated previously, however combining the two equa-
tions relates closely to the experimentally determined values in most cases. However,
there is a discrepancy with one of the sets of samples, as outlined in Table 6.5, where
the theoretical values are much lower than the experimental. Thus, further investi-
gations are necessary to determine the reasons behind this and whether there is a
more appropriate shape factor that could be used.
All theoretical values have been calculated assuming that there is no phase trans-
formation during processing. The crystallographic analysis of HA, Section 6.1, and
Ti and Ti-6Al-4V, Section 7.1, indicates that there has been at least a partial phase
transformation in all cases to either whitlockite for HA, or to Ti-C or Ti-C-N for
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the titanium-based materials. These have different mechanical properties and as
such it is possible that the yield stress may be different to that reported. However,
the amount of material undergoing phase transformation is not predictable, and
XRD would need to be undertaken on all scaffolds to determine their individual
compositions and hence their strength. Furthermore, the interactions between the
phases may not fit with a standard `rule of mixtures´ analysis and experimental
determination of each scaffold may be necessary. Finally, no analysis has been un-
dertaken using FEA of microCT scans, which could offer an alternative. However,
this would require extensive further work to analyse the exact structure and com-
position of each sample. Nevertheless, the theoretical calculations have provided a
suitable base for analysis.
The main issue with foam reticulation techniques in general is the weak mechani-
cal properties the fabrications exhibit [277,355,372]. Structures fabricated via AFR
have similar mechanical properties to foam reticulated constructs with similar poros-
ity [355]. However, AFR fabrications have, in general, a higher porosity than most
foam reticulated scaffolds, as shown in Table 8.1, and as such the comparison is
relatively limited. This work has shown that the compressive properties can be
varied with changes to the processing parameters. In particular, as the theoretical
mechanical strength is proportional the the third power of the porosity, significant
improvements to the yield stress have been obtained by varying paramaters to de-
crease the porosity.
The theoretical calculations matched the experimental observations in most cases,
enabling the non-destructive estimation of the sample strength. Decreases to the
porosity led to significant increases in the yield stress. For example, decreasing the
porosity of HA samples by 11% from 96% to 85% led to an almost 50 fold increase
in the mechanical strength, from 2.7kPa to 133kPa. This is particularly important
with respect to HA and Ti samples as no scaffold produced using those materials
in this work had a yield stress similar to the lower limit of native cancellous bone
(2MPa) [3].
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A higher number of coats, increased shrinkage and densification with higher sintering
temperatures, use of the less porous template and limiting the size and amount of
microporosity increased the yield stress of constructs. Nevertheless, the compressive
strength of HA scaffolds was still only 0.002 - 0.14MPa, of Ti components was 0.002
- 1.8MPa and of Ti-6Al-4V constructs was 0.22-13.7MPa. With the compressive
strength of cancellous bone between 2 - 23MPa depending on the location with the
body [3], the only material of those analysed that could currently offer a suitable
alternative to autografts is Ti-6Al-4V, without further optimisation of the porosity
or macrostructure.
Table 8.1: Porosity and compressive yield stress of foam reticulated structures from
HA, Ti and Ti-6Al-4V, including data obtained in this work
Material Porosity
(%)
Compressive Strength
(MPa)
Ref
HA
76-82 1.7-3.8 [276]
50-90 <0.5-2.3 [269]
82.6 n/a [224]
66-82 1.5-3.4
(excluding additives)
[268]
89-91 0.05-0.15 [355]
43.3 3.56 [274]
89 0.95 [277]
77 0.9 [372]
82-96 0.002-0.139 This Work
Ti
75 23.7 [51]
45-75 18-121 [50]
78 8.6 [54]
70 18 [52]
70-84 7-24.2 [53]
81-94 0.002-1.8 This Work
Ti-6Al-4V 90 10.3 [275]74-94 0.22-13.7 This Work
The problem of the weak mechanical properties of AFR fabricated structures is
further highlighted when other methodologies are considered. As outlined in Table
3.1, almost all other techniques have the potential to produce scaffolds with a yield
stress similar to that of cancellous bone. However, due to the possible effects on
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the structure and hence bioactivity of the scaffolds, compromising the porosity of
as fabricated structures is not necessarily a suitable solution. As such, Woodard
et al [333] found the improved in-growth of microporous robocast structures led to
enhanced pull out strength in-vivo over non-microporous structures.
Even with their weak compressive strength, there may still be some potential op-
tions for using the HA and Ti scaffolds fabricated in this work. Coating highly
porous, interconnected structures with a biodegradable material, particularly with
polymers such as PLA or PGA, can provide structures with a suitable reinforcement
for implantation [572,573]. Due to the high level of open porosity observed in AFR
structures, they could be suitable for being coating, however further investigations
are required to confirm this. Alternatively, other materials with a bulk yield stress
similar or greater than that of Ti-6Al-4V could be used. Finally, variations to the
template may enable the fabrication of structures with suitable mechanical proper-
ties. The use of templates that are not removed during sintering could provide a
suitable alternative. For example, Cunningham et al [273, 277] have implemented
coral as a template to significantly improve the mechanical properties from 0.95 to
8.4MPa. Alternatively, templates with an elongated pore morphology may render
structures with suitable anisotropic compressive strength such as has been shown by
Jo et al [276]. One last consideration is that Deville et al [260] fabricated scaffolds
with extremely high mechanical properties by freeze casting in such a way as to
have different zones of porosity depending on the processing conditions. The de-
velopment of a suitable template to enable structures with graded porosities, from
dense to highly porous, could offer exciting possibilities for improving the strength
of foam reticulated structures.
8.4 Biological Performance
As cell viability analyses have only been undertaken using HA scaffolds, this section
only considers cases where HA has been used unless otherwise stated.
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The different potential manufacturing techniques have varying cell viabilities. Freeze-
dried scaffolds can be suited to bone growth, with for example, Fu et al [264] showing
that lamellar and cellular pores enhance cell viability compared to a tissue plastic
control. Foam reticulation has also been shown to enhance the cell viability com-
pared to controls [277,372] with scaffolds exhibiting significant growth in-vivo [15].
Sepulveda et al [283] showed gel-cast scaffolds to have enhanced behavior compared
to a cytotoxic material, however it was not as high as on a non-cytotoxic alumina
surface. Woodard et al [333] have shown microporosity to have an important effect
on macroporous robocast structures, and enable the formation of new bone in-vivo
which did not otherwise occur. Meanwhile, there are conflicting results regarding
the viability of 3DP scaffolds: Will et al [324] found good revascularisation in-vivo,
while Leukers et al [319] found only similar results to plastic controls in-vitro. This
work has shown that AFR produced structures exhibit suitable cell viability in-vitro.
The viability of AFR scaffolds has been analysed using 3 cell types, MG63, 3T3
and MC3T3 cells as shown in Section 6.4. When evaluated against a commercially
available porous HA disc using MG63 cells, AFR scaffolds fabricated without any
porogen exhibited a greater viability, demonstrated through a higher cell number
at all time points, Figure 6.54. As such all other analyses compared scaffolds with
varying amounts of porogen to those fabricated without. In most cases, the inclusion
of the porogen had a negligible positive effect and generally caused a slight drop in
viability. However, scaffolds produced with 25% porogen in the precursor slurry
exhibited an increased viability, particularly when seeded with the pre-osteoblastic
MC3T3 cells, shown in Figure 6.59. This is believed to be due to the size of the
micropores being slightly larger than that of the cells and as such the scaffolds
offered a greater surface area for attachment.
The pore and strut size has a relatively limited effect on the biological performance
of scaffolds, as discussed previously in Section 8.1. There is little significant differ-
ence between structures fabricated from the 45 and 90 ppi templates except when
the MC3T3 cells are seeded on scaffolds produced with a slurry incorporating 25%
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porogen. The effect of smaller changes to the macrostructure, obtained through
varying the number of coats or sintering temperature, has not been investigated,
however the limited effect seen with the significant differences in pore sizes ob-
tained on scaffolds from different templates suggests this will also have a limited
effect. Furthermore, the effect of varying the microstructure on the cell viability
has also not been investigated. Particularly when frozen to -20 °C, the micropores
became elongated and exhibited a general increase in size. Thus they were generally
greater in length than the size of the individual cells, although their width was not
significantly different. Although this may not have a significant effect on in-vitro
investigations, it may facilitate greater in-vivo vascularisation, however this would
need confirmation.
As the AFR produces scaffolds with enhanced viability over a commercially available
porous disk of similar material (Section 6.4), it therefore follows that the structures
could be suitable for replacing autografts, subject to in-vivo investigations. As the
viability of structures produced using other techniques have not been compared
to the same standard, it is not possible to say which is the optimal technique to
instigate regrowth. However, the AFR does produce constructs with a promising
biological performance which require further in-vivo investigation.
The main reason for the use of Ti and Ti-6Al-4V has been the ability they have to
instigate bony regrowth on the surface of scaffolds [3, 44]. It is assumed that the
enhanced viability seen with HA scaffolds can be translated to these materials which
would lead to greater de-novo growth. However, this needs confirmation through
in-vitro and in-vivo investigations.
8.5 Potential Materials
The AFR has been successfully implemented to fabricate HA, Ti and Ti-6Al-4V
scaffolds in this PhD, whilst previous work [279] has shown that Bioglass structures
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can also be produced. Due to the similarities in the methodologies, it is expected
that most, if not all, materials that have been fabricated by foam reticulation tech-
niques can be incorporated into the AFR. As such, it should be possible to fabricate
structures from other calcium phosphates, bioinert ceramics, such as those outlined
in Section 2.2.1, and other metals. Polymeric scaffolds cannot be fabricated via AFR
due to the high temperatures involved in pyrolysis of the template, however the open
porosity of the constructs facilitates the incorporation of polymeric coatings after
sintering. Furthermore, other than in the case of ceramic or metallic constructs
subjected to coatings, the method is not suited to conventional composite materials
(e.g. carbon fibre reinforced polymer). Finally, when considering the final material,
any potential interactions between the biomaterial and the porogen should first be
considered, as this could affect the final structure.
Not only are there a wide range of potential biomaterials, there are also many dif-
ferent porogens that could be implemented to vary the microporous structure. This
PhD has only investigated the effects of including camphene as a porogen, whilst
Lee et al [268] and Yang et al [355] have implemented TBA, although without a
freezing stage. Outlined in Table 3.3 are some of the porogens used when freeze
casting structures, including dioxane [250, 264], NaCl [255], and gelatine [255]. Al-
though some porogens are chosen to overcome the issues with the limited pore size
of freeze cast structures, others produce pores of 10-20 μm and thus may positively
affect the cell viability. However, candidate structures should be subjected to a
similar in-vitro protocol as implemented in this work to confirm their viability.
8.6 Controllability
As previously detailed in Section 3.1, foam reticulation is the only conventional
technique with a high degree of control over the size and location of the macroporous
network, as well as the total porosity. Although for most other techniques the
amount of porosity and size of the pores is controllable, the exact location cannot
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be predetermined. Meanwhile, as outlined in Section 3.2, ALM based techniques
have a high degree of controllability.
Control over both the size and location of the pores, as well as the total porosity,
is important with respect to the mechanical properties of the scaffolds as well as
their viability. The macrostructure is controlled by the foam reticulation part of
the technique and is the dominant feature controlling the mechanical properties.
Thus, the ability to vary this enables the production of scaffolds with a compressive
yield stress closer to that of native bone. The AFR also enables the production
of scaffolds with a 3D interconnected porous network of pore sizes that facilitate
the movement of biological media throughout the structure [2, 5, 6, 12–15], whilst
concurrently producing microporosity which is essential for vascularisation [17–19]
and cell development [2].
As has been shown for HA, and Ti and Ti-6Al-4V in Sections 6.2.1 and 7.2.1 respec-
tively, the nature, size and location of the pores can be produced with a great deal of
control. The structures closely mimic the template as shown in the figures in these
sections (e.g. Figures 6.5 and 6.6 for HA; Figures 7.8 and 7.9 for Ti; and Figures
7.10 and 7.11 for Ti-6Al-4V), although there is a significant amount of shrinkage
of up to 50% in all cases. This is regardless of the other processing parameters
used, although variation of these enables the final structure to be altered slightly as
outlined in Sections 8.1 and 8.2. Thus, with consideration as to the effects of the
processing parameters it is possible to predetermine the structure of AFR fabrica-
tions, as it is with those produced via foam reticulation [15,50,273,275,276,372]. In
particular, the shrinkage of structures during sintering [224,280] and the decrease in
pore size and increase in strut size with an increasing number of coats of the slurry
on the template [270] requires careful forethought. However, this is no different to
foam reticulated structures and thus the level of control over the macrostructure is
similar between the two techniques.
The major advantage with AFR is that it allows the simultaneous fabrication of
macro and microporosity. Furthermore, the generation of micropores is achieved by
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the incorporation of the freeze drying technique which allows for significant control
over the number and size of the pores within the structure [97,244,250,253,254,259,
260]. This control has been demonstrated in Sections 6.2.2 and 7.2.2 for structures
from HA, and Ti and Ti-6Al-4V respectively. The amount of microporosity can be
controlled through the amount of porogen incorporated into the precursor slurry,
whilst variations to the size of the micropores can be achieved with changes to the
freezing temperature, as shown in Figures 6.22 - 6.27.
The final consideration lies with ALM fabrications. The macrostructure for fabri-
cations produced using ALM is highly controllable, and closely resembles the CAD
model from which it is produced. Although it has not yet been tested, there is
no reason that models produced from patient specific CT data could not be used.
Whilst the outer dimensions can be readily controlled [326,574], only recently have
scaffolds with a trabecular porous network been produced [575]. Furthermore, it has
hitherto been difficult to induce microporosity into the macroporous struts [576,577].
This PhD has demonstrated that the inclusion of a porogen into the precursor slurry
can be used to generate microporosity, which could be of interest with regards to
colloidal-ink based techniques in particular (Section 3.2.3).
8.7 Repeatability
As has been previously mentioned, the structures produced by AFR closely mimic
the template. Thus, provided a suitable template is used for all scaffolds, the fi-
nal macroporous network can be produced repeatably, as has been demonstrated
previously for foam reticulated fabrications [15, 50, 273, 275, 276, 372]. Dip-coating
the templates has an element of unpredictability, causing some scope for variability.
However, pre-soaking the foams in water reduces the hydrophobicity of the polymer
and thus the random nature of slurry attachment to the template. Furthermore,
the standard error of the mean of the macropore and strut size is generally within
10% of the mean, demonstrating that there is little variability outside of normal
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experimental variations.
Excluding foam reticulation techniques, AFR offers an improvement in the repeata-
bility obtainable over other conventional techniques as in these the exact structure
cannot be produced repeatably [310, 312]. Meanwhile, all ALM methodologies pro-
duce fabrications that closely mimic the CAD model and as such have a high degree
of repeatability. For example, Dellinger et al [335] found the standard deviation of
robocast scaffolds to be between 3.5 and 11.5% of the mean and Seitz et al [322]
had a standard deviation of 4.7 - 8.2% of the mean for 3DP structures. Although
others (e.g. [318, 319, 329, 338]) have not stated the range, the figures provided in
the articles show that structures have pores of similar sizes.
Although the macrostructure of AFR-produced scaffolds has reasonably good re-
peatability, the microstructure is less readily reproducible under given conditions.
Although the size of individual micropores was controlled by the freezing temper-
ature and as such is repeatable, the location is not. This led to the agglomeration
of the porogen to produce larger micropores. Despite the slurries being thoroughly
mixed by ball milling for 24 hours as described in Section 4.1.1, this phenomenon
was still observed. Therefore there should be further investigations to determine
the optimal slurry conditions, with systematic variations to the quantity and type
of dispersant and binders used.
Finally, considering the longer term implications with a new technique such as that
investigated here, there is likely to be a degree of user error. Although the AFR
implements a relatively simple methodology, there are areas of the technique within
which errors can be introduced, particularly with respect to the coating of the
slurry on the templates. Avoiding this would involve suitable training, which would
be associated with further costs, as discussed further in Section 8.8.
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8.8 Cost
The costs involved with AFR fabrications are similar to those seen with foam retic-
ulation. Thus, the manufacturing costs are associated with the raw materials re-
quired, the templates, a suitable pump set-up and a high temperature furnace,
dependant on the biomaterial used. Compared to foam reticulated structures, the
additional costs only relate to that of the porogen. For example, the cost (as of
12 January 2015) of 1 kg of camphene is £86.00 (Sigma Aldrich, UK), whilst 1.5 l
of DMC is £57.30 (Sigma Aldrich, UK). Considering the amount incorporated in
a scaffold weighing approximately 2 g, this would relate to an additional cost of up
to £0.07 at 25% porogen inclusion. The dimensions of such scaffolds (12± 1.0mm
diameter by 15± 2.7mm height) are similar to those used in in-vivo analyses [2]
(rabbit critical sized defect 15mm; rat critical sized defect 8mm), however the ex-
act dimensions of final scaffolds would need tailoring to patients needs. Although
these dimensions are not reported in the literature, it is not expected that the di-
ameter would increase. As such, increases would only be required for the length,
and therefore the additional material costs would not be significant. Furthermore,
the values given here are not for bulk production, which generally allow for cheaper
wholesale prices.
The greater costs with implementing such a technique would involve training of man-
ufacturers. The AFR is a relatively labour intensive technique: the slurry needs to
be prepared, the template coated, the exact freeze drying protocol developed, exact
sintering procedures determined and final variations to the template size and shape
decided. Training needs to be provided for each stage, with the final user(s) expert(s)
in each area. However, all manufacturing techniques that could be implemented for
bioscaffolds require significant training, whether it be in the physical manufacture
with conventional techniques, or the CAD model design for ALM techniques. Until
an in-depth analysis of the various costs involved has been undertaken, it cannot be
stated which would involve lower costs. As such, at this point it is only suitable to
compare the costs of the materials and technologies required, which, for AFR, are
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similar to those of foam reticulation techniques.
8.9 Summary
This chapter discusses the viability of implementing the AFR as an alternative to
autografts by comparing it to other existing scaffold manufacturing techniques. As
such, the comparison is made against the scaffold requirements previously outlined:
namely that the pore size of scaffolds from each material was of a suitable size similar
to that seen in cancellous bone, as is the porosity; the mechanical strength was only
similar to that of natural bone for Ti-6Al-4V constructs, however increases could be
made to HA or Ti structures using variations to the template or by incorporating
coatings; structures exhibited suitable biological capabilities when compared to a
commercially available porous HA disc, which was improved with 25% porogen in the
slurry; and fabrications can be produced controllably, repeatably and cost effectively
for a range of materials.
Table 3.2 ranked the various scaffold manufacturing techniques considering their
performance against the requirements, with this extended to include the AFR in
Table 8.2, with the rankings based on the analyses given in this chapter. The AFR
has shown promising results for most of these requirements, with the only significant
limitation caused by the weak compressive strength they exhibit. There have been
numerous reports on improving the compressive strength of foam reticulation fab-
rications, which have led to the potential routes to structures with the appropriate
mechanical properties. Such methodologies should be implemented to AFR to de-
termine whether the poor strength of AFR constructs can be improved to be within
a simlar range as foam reticulated structures. Only if this is possible does AFR offer
a suitable alternative methodology of fabricating bone regenerative scaffolds.
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Chapter 9
Further Work and Conclusions
9.1 Further Work
Work with the AFR has, as yet, been restricted to selected materials, with camphene
the sole porogen. Nevertheless, it has shown promise as a technique, however this
PhD has shown there to be limitations with the production of impurities in titanium-
based structures and weak mechanical strength of, particularly HA, scaffolds.
The formation of Ti-C and Ti-C-N was not predicted and, although biocompat-
ible, not desired. As such, investigations into either the removal of the carbide,
or the production of scaffolds without such impurities are necessary. The removal
is possible, as previously detailed in Section 7.1, as is the production of pure Ti
and Ti-6Al-4V constructs. Whether these methodologies can be extended to AFR
fabrications should be determined. In particular, the implementation of a vaccuum
furnace should be investigated as this is likely to enable a more complete removal
of any natural atmosphere and hydrocarbons generated by the pyrolysis of the PU
template. Additionally, the effect of the flow rate of the gases generating teh inert
atmosphere should be considered. As it is thought that the impurities remained
after the polymer burnout stage due to the flow rate not being high enough, this
should be confirmed and the optimal flow rate determined.
The main problem with AFR scaffolds is that the mechanical strength is very weak,
particularly on scaffolds with the highest level of porosity. To improve this, a wider
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range of templates could be investigated. These could be of a wider range of poros-
ities, of different materials, or of an elongated nature to add anisotropy to the struc-
tures. Alternatively, the structures could be coated with biodegradable polymers
to add reinforcement. Furthermore, although theoretical compressive values closely
matched experimentally obtained values for the yield strength, there was some de-
gree of variation. Therefore for a more complete understanding of the mechanical
properties of the scaffolds, experimental values should be measured for all scaffolds.
The controllable production of microporous struts within macroporous structures
is of considerable importance as this improves the biological performance of struc-
tures, even compared to those with biological agents incorporated [333]. Thus,
further investigations into this should involve varying the parameters used to in-
duce microporosity such as the porogen and freezing temperatures used. There is a
large difference between structures fabricated using freezing temperatures of 10 and
-20 ºC and a thorough investigation of the effect of the freezing temperature on the
microstructure should be undertaken. This will enable for a greater level of control
over the micropore size and as such this can be optimised for cell attachment.
The production of a structure with a minimally porous shell surrounding a highly
porous interior would result in a truly hierarchical structure that more closely mim-
ics a complete section of bone. AFR offers a suitable method of producing the
interior structure, of a trabecular nature similar to that of natural bone. However,
investigations into fabricating this simultaneously with a dense shell are required to
realise such structures.
Finally, a more complete investigation should be undertaken on the biological activ-
ity of scaffolds produced via AFR. The in-vitro analysis should be extended to
human osteoblasts (hOBs) and to osteogenic markers such as osteocalcin. Further
investigations into where cells attach to the scaffolds could also provide import-
ant information. One possible method could be to microCT scan scaffolds prior
to seeding, and then rescan the scaffolds after a fixed period of incubation. Thus
the nature of cell attachment and pore infiltration could be determined. If these
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analyses exhibit promising results, further in-vivo testing would be required.
9.2 Conclusions
Autografts are the gold standard for assisting bone reparation. However they are
associated with many limitations, that are exacerbated when considering auto and
xenografts as alternatives. Synthetic scaffold structures offer an alternative, however
they must fulfill a range of requirements in order to be successful, particularly with
respect to bone reparation. These include producing structures with a 3D intercon-
nected porosity of suitable pore sizes within different ranges similar to that seen in
native bone, inherent biocompatibility, bioactivity and if possible bioresorbability,
and similar properties, such as porosity and compressive strength to existing bone.
The use of synthetic structures in hard tissue replacement is not new. Stainless
steels, Co-Cr alloys and transition metals are all used clinically whilst there is a large
body of research into the potential uses of ceramics. These can be bioinert, such as
transition metal oxides, semi-inert, such as apatite or glass-based bulk structures,
or resorbable, such as apatitic or glass-based scaffolds. Furthermore, such scaffolds
can be produced using a range of methodologies however each is associated with
specific limitations. Thus, there still lacks one ultimate technique that enables the
optimised production of bioscaffolds suited to hard tissue repair.
One new methodology that could facilitate the production of structures that fulfill
the many requirements is the adaptive foam reticulation technique. This combines
two preexisting techniques, the foam reticulation and freeze casting methodologies,
to produce scaffolds with a 3D porous network similar to that seen in cancellous
bone, constructed of microporous struts. The technique follows that of the foam
reticulation, however with a freeze drying stage to produce microporosity. Briefly,
the biomaterial is mixed into a slurry that is then coated onto a polymeric template.
The slurry is then frozen, and subjected to a freeze drying protocol stage to remove
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the ice dendrites. The structure is then fired to remove the template and ensure
suitable densification of the scaffold. There is little available literature surrounding
this technique, and many of the processing parameters that can be varied to optimise
the structure have not been investigated.
The aim of this PhD was to investigate the AFR technique and thus determine
whether it is a viable alternative to other techniques capable of producing hard
tissue replacement scaffolds. Variations to the macrostructure were achieved by
varying the template from which the scaffold was produced, using 45 and 90 ppi
polyurethane foams, varying the number of coats of the slurry on the template,
from one through five, varying the amount of porogen included in the slurry, at 0,
5, 10, 20 and 25% and varying the sintering temperature the structure was fired
to, depending on the material. Furthermore, the freezing temperature for selected
samples was varied, at 20, 10, and -20 °C to determine the effect this has on the
microstructure. Finally, the scaffolds and precursor materials were characterised
using a range of techniques including STA, XRD, SEM, microCT, porosimetry,
mechanical testing and cell viability assays.
Structures were fabricated from three different materials, hydroxyapatite, titanium
and titanium-aluminium-vanadium. During sintering, all HA structures underwent
at least a partial phase change to whitlockite. Whitlockite is more similar to the
natural mineral phase of bone due to the incorporation of metal ions, such as mag-
nesium and iron, found in native bone. Thus this change does not detrimentally
affect structures. When fabricating structures from Ti and Ti-6Al-4V, both mater-
ials exhibited some carbide and carbonitride formation due to incomplete polymer
removal from the furnace during firing. Although biocompatible, TiC has not been
used for bone replacement structures and as such investigations into a more com-
plete method of removing the carbon from the furnace, such as using a vacuum as
opposed to flowing gas, are required.
Scaffolds from all materials exhibited a macrostructure within the prescribed limits,
100-900 μm, for bone regenerative structures that closely mimiced the template used.
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The pore sizes HA of structures from the 45 and 90 ppi template were of 216 ± 12
to 514 ± 36 μm and 94 ± 6 to 196 ± 5 μm respectively, whilst Ti pore sizes were of
238 ± 11 to 546 ± 38 μm and 114 ± 7 to 240 ± 10 μm and Ti-6Al-4V constructs had
pores of 206 ± 20 to 510 ± 23 μm and 98 ± 7 to 299 ± 6 μm. Meanwhile, strut sizes
were of 41 ± 2 to 108 ± 7 μm and 17 ± 1 to 55 ± 3 μm, 54± 3 to 101 ± 6 μm and
20 ± 1 to 65 ± 4, and 54 ± 3 to 118 ± 13 μm and 27 ± 2 to 83 ± 5 μm respectively.
The sintering temperature only affected the size of HA constructs, with increased
shrinkage observed with higher temperatures. Increasing the number of coats in all
cases led to decreased pore sizes and increased strut size, whilst varying the porogen
content and freezing temperature had no significant effect on the macrostructure.
Thus the technique allows for the controllable, repeatable production of a suitable
macroporous network.
The AFR includes a porogen, which for this work was camphene, to produce micro-
porosity. Whilst this had no effect on the macrostructure, it led to the controllable
production of micropores of 2-5 μm when frozen at room temperature. The size of
the micropores was similar accross all scaffolds, irrespective of the amount included
in the slurry, when frozen to the same temperature, although some agglomeration
was observed resulting in larger micropores of up to 20-30 μm at the highest levels
of camphene inclusion. However, decreasing the freezing temperature, particularly
to -20 °C led to the production of larger, elongated pores, of 2-5 μm width with
up 20-30 μm length. Thus the technique allows for the controllable production of
microporosity within the struts of the macroporous network.
All scaffolds exhibited at least 76% porosity, with maximum values of up to 96%
depending on the processing parameters. Using the 45 ppi template increased the
porosity by approximately 5% compared to the 90 ppi template. Whilst variations
to the sintering temperature, freezing temperature and porogen content had little
effect on the porosity, increasing the number of coats from one to five led to a
general decrease of up to 15%. The lack of any significant differences between those
produced with and without porogen is due to the shrinkage of constructs from all
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materials compared to the template, which was up to 50%, as well as the dominance
of the macroporosity.
The lack of evaluation of the mechanical strength of macroporous structures with
microporous struts led to the incorporation of a shape factor into a standard equation
used to calculate the yield stress of porous structures. Thus it was possible to
calculate the theoretical mechanical strength of all scaffolds produced in this PhD.
In most cases this closely mimicked that observed for the selected samples where
the yield stress was determined experimentally, however the discrepancies observed
should be considered and as such further work is required for a more rigourous
calculation. The mechanical strength of foam reticulated structures is generally
weak, a problem also observed in this work. As such, with values from 0.002 to
0.18MPa and 0.002 to 1.8MPa for HA and Ti structures respectively, they are
not suitable for bone reparation, however it may be possible to implement coatings
to reinforce the scaffold due the open nature of the porosity, a possibility that
requires further investigations. Particularly for Ti structures, the values are weaker
than observed using other techniques, and thus may not be as applicable as such
techniques. However, Ti-6Al-4V scaffolds exhibited compressive yield stresses of
0.21-13.7MPa within the range for cancellous bone (2-23MPa), and thus could be
suitable as scaffolds.
The viability of selected HA samples demonstrated that AFR produced scaffolds
fabricated without any porogen offered greater potential than a commercially avail-
able porous HA disc. Further investigations thus involved determination of the cell
number, ALP activity and dissolution of the scaffolds. Structures produced with
5, 10 and 20% porogen exhibited similar behaviours as seen on scaffolds produced
without any porogen, however those fabricated using 25% camphene offered a slight
increase in viability. This is because the agglomeration of the porogen led to pores
that were greater than the size of the cells and as such generated a larger area onto
which cells could attach.
The AFR technique offers the ability to controllably produce scaffolds with a 3D
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interconnected porous network of pore sizes predetermined as suitable for bone re-
generation. The replication of a template ensures that the structure can be produced
repeatably from a range of materials. Furthermore, structures from HA have been
shown to be biocompatible, bioactive and bioresorbable. Although the porosity is
similar to that seen in native cancellous bone, the mechanical strength, in most
cases, is not and as such further work is required to improve this. However, should
this be achieved, this work has demonstrated that the AFR could be viable altern-
ative to the other manufacturing techniques capable of producing porous structures
suited to bone reparation, subject to further in-vivo analyses.
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Appendix A
Tables of Raw Data of Scaffolds
A.1 XRD Data
A.1.1 HA
Table A.1: COD reference pattern of HA expressed as a percentage of the maximum
peak
2theta
(°)
COD reference
HA (96-230-0274)
12.565 10.6
31.117 47.8
33.658 22.9
37.002 100
37.518 72.5
38.329 45.8
39.717 16.3
46.475 25.6
54.717 43.5
56.381 11.2
58.088 36.4
59.255 14.1
62.612 22.0
77.065 11.6
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Table A.2: COD reference pattern of whitlockite expressed as a percentage of the
maximum peak
2theta
(°)
COD reference
whitlockite
(96-230-2137)
12.636 22.7
15.874 21.3
19.738 28.5
25.430 20.9
30.178 28.1
32.397 67.5
36.321 100
37.936 22.4
40.094 75.6
52.233 15.1
55.201 28.6
60.538 10.5
62.751 34.7
Table A.3: Relative peak intensity and relative area of XRD peaks of sample sintered
to 1250 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
19.735 13.6 8.5
29.975 23.2 25.9
32.369 49.1 43.0
34.543 11.4 8.6
36.154 100 100
37.836 21.8 16.3
40.098 67.9 84.0
40.197 46.0 37.9
41.534 12.8 18.5
46.548 10.7 17.6
48.065 13.0 10.7
56.828 14.9 24.5
62.352 33.7 48.7
63.053 10.3 21.2
70.309 11.3 23.2
70.458 14.7 18.2
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Table A.4: Relative peak intensity and relative area of XRD peaks of sample sintered
to 1300 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
19.726 12.4 11.0
25.370 10.3 5.7
29.961 22.0 17.1
32.350 50.5 56.1
34.502 11.2 6.2
36.146 100 100
37.812 21.1 18.7
40.068 72.2 56.1
41.508 12.1 16.1
46.536 11.7 9.1
48.046 14.3 9.6
48.752 12.6 9.8
52.137 10.5 11.7
55.063 25.2 28.2
56.299 17.6 13.7
56.797 15.9 14.1
60.523 10.3 9.1
62.320 37.3 24.9
63.026 12.2 9.5
70.370 17.7 34.3
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Table A.5: Relative peak intensity and relative area of XRD peaks of sample sintered
to 1350 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
30.095 27.5 16.7
33.715 14.5 7.0
36.175 15.4 9.3
37.058 100 100
37.150 47.4 19.0
37.531 48.4 38.7
37.626 22.7 13.6
38.403 60.9 48.7
38.497 29.1 17.5
39.739 23.0 23.0
39.835 12.2 7.4
46.572 28.3 28.3
63.683 15.2 9.1
54.793 40.9 40.9
54.922 22.2 19.8
56.465 18.3 18.3
58.124 43.9 52.6
58.266 22.9 18.3
59.380 22.3 22.3
59.524 12.0 9.6
60.334 16.9 16.9
61.300 17.8 17.8
62.597 17.8 28.2
74.711 14.0 14.0
75.908 10.4 14.6
76.161 13.0 20.9
77.252 13.4 16.1
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A.1.2 Ti
Table A.6: COD reference pattern of TiH2 expressed as a percentage of the maxi-
mum peak
2theta
(°)
ICDD reference
TiH4
(04-001-6850)
40.683 100.0
47.331 41.4
69.174 25.1
83.462 22.6
88.091 5.8
Table A.7: COD reference pattern of Ti2 expressed as a percentage of the maximum
peak
2theta
(°)
COD reference
Ti2 (96-900-8518)
40.991 25.1
44.888 25.6
473.005 100
62.399 13.3
74.666 14.5
84.323 14.5
91.55 15
93.073 10.7
Table A.8: COD reference pattern of Ti4 expressed as a percentage of the maximum
peak
2theta
(°)
COD reference
Ti4 (96-901-1601)
40.702 98
44.547 100
61.915 52.4
74.078 57
90.745 58.9
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Table A.9: COD reference pattern of Ti-C expressed as a percentage of the maximum
peak
2theta
(°)
COD reference
Ti-C
(96-591-0092)
42.342 89.6
49.293 100
72.279 54.1
87.505 28.2
92.489 16
Table A.10: COD reference pattern of Ti-C-N expressed as a percentage of the
maximum peak
2theta
(°)
COD reference
Ti-C-N
(96-101-0872)
42.834 73.3
49.876 100
73.209 53.1
88.727 23.9
93.823 15.6
Table A.11: COD reference pattern of silicon expressed as a percentage of the
maximum peak (96-901-1657)
2theta
(°)
COD Reference
Si (96-901-1657)
37.959 70.1
40.022 59.7
10.128 14.6
10.629 100
46.341 40.9
56.811 70.0
73.110 15.8
80.877 11.6
85.470 20.5
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Table A.12: ICDD reference pattern of Ti2 expressed as a percentage of the maxi-
mum peak
2theta
(°)
ICDD Ti2
(04-002-5207)
34.853 25.7
38.101 26.0
39.883 100
52.587 12.3
62.493 12.3
70.049 11.6
73.592 1.6
75.594 11.3
79.750 8.1
81.505 1.4
86.020 1.8
Table A.13: ICDD reference pattern of Ti4 expressed as a percentage of the maxi-
mum peak
2theta
(°)
ICDD Ti4
(01-071-3947)
35.470 25.8
38.269 26.9
40.474 100
53.163 12.4
63.687 12.0
70.675 11.7
75.066 1.5
76.798 11.3
78.230 7.9
81.926 1.5
87.547 1.7
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Table A.14: ICDD reference pattern of Ti-C expressed as a percentage of the max-
imum peak
2theta
(°)
ICDD Ti-C
(04-002-0789)
36.239 92.3
42.092 100
61.043 46.7
73.100 21.9
76.925 12.0
Table A.15: ICDD reference pattern of Ti2-C-N expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti2-C-N
(03-065-9875)
36.362 82.2
42.236 100
61.265 45.3
73.378 19.3
77.224 11.6
Table A.16: ICDD reference pattern of Ti-N expressed as a percentage of the max-
imum peak
2theta
(°)
ICDD Ti-N
(04-007-4803)
36.666 71.4
42.594 100
61.814 45.9
74.070 17.9
77.965 11.6
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Table A.17: ICDD reference pattern of Ti2-N expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti2-N
(04-004-3072)1
25.452 11.9
34.657 3.6
36.303 36.9
39.281 100
40.767 28.6
51.063 12.2
52.281 14.4
61.027 7.4
64.256 14.1
63.305 11.8
68.337 1.8
73.125 5.7
76.01 6.1
76.098 6.2
77.081 1.2
79.918 6.0
82.732 1.6
84.481 4.1
Table A.18: ICDD reference pattern of Ti2-O expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti2-O
(04-009-8171)2
18.403 6.6
34.897 10.4
37.304 17.9
39.732 100
52.003 20.8
62.577 15.3
68.906 12
75.168 8.2
76.727 7.8
79.529 1.9
85.631 2.7
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Table A.19: ICDD reference pattern of Ti3-O expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti3-O
(04-005-4376)3
20.876 1.1
34.840 14.7
37.691 19.7
39.800 100
52.283 18.2
64.142 14.2
69.457 10.8
75.364 8.9
76.724 7.9
80.488 1.6
85.807 2.4
Table A.20: ICDD reference pattern of Ti6-O expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti6-O
(001-072-1807)4
19.969 2.2
27.494 1.6
34.953 20.1
37.934 23.2
39.932 100
52.530 14.8
62.684 13.0
69.864 11.3
70.121 6.0
73.829 1.3
75.664 9.9
76.956 7.7
81.089 1.5
86.145 2.0
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Table A.21: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1000 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
14.2063 8.9 12.4
40.77331 20.0 21.7
12.45658 2.2 12.9
44.27183 20.4 26.0
46.65028 100 100
61.73575 20.6 24.5
74.23112 23.0 20.8
83.18739 21.2 54.0
Table A.22: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1100 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
14.23484 11.2 26.6
40.81182 20.6 24.5
42.32904 6.2 14.9
42.88749 4.8 11.4
44.27391 18.3 38.0
46.67707 100 89.3
49.23422 6.5 28.2
49.87902 5.8 20.8
61.82264 19.5 52.3
72.21755 4.9 23.5
74.2779 19.31 34.5
83.35765 21.0 100
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Table A.23: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1200 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
40.67267 15.8 6.4
42.38813 59.6 35.1
43.95893 13.6 10.0
45.66448 9.0 7.9
46.5046 100 29.4
49.10358 53.1 31.3
49.3628 71.2 62.9
61.43031 23.0 20.4
72.40794 45.5 100
74.04359 19.7 14.5
82.71497 14.6 17.2
87.80075 16.9 34.8
Table A.24: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1300 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
40.66911 14.9 21.0
42.15713 66.0 46.4
13.9968 18.6 17.4
46.50929 100 93.7
49.08454 94.9 100
61.4736 18.9 22.1
71.9646 57.0 80.1
74.04836 20.6 28.9
82.77781 17.9 33.6
87.10741 25.7 49.5
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A.1.3 Ti-6Al-4V
Table A.25: ICDD reference pattern of Ti2-Al-N expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti2-Al-N
(04-001-6325)5
12.999 32.4
34.565 15.9
35.207 4.9
39.704 19.0
40.020 100
43.865 4.1
53.641 16.3
59.366 1.2
61.936 15.6
63.588 1.1
72.269 10.4
72.906 1.2
76.124 9.8
76.333 8.9
85.558 1.4
86.371 2.4
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Table A.26: ICDD reference pattern of Ti3-Al expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti3-Al
(04-015-7850)6
17.754 2.5
26.127 5.7
31.005 2.3
35.953 25.3
38.576 26.9
40.980 100
52.261 1.1
53.752 12.5
64.628 12.0
71.428 11.9
76.232 1.5
77.861 11.4
79.430 7.6
82.696 1.5
88.867 1.7
Table A.27: ICDD reference pattern of Ti3-Al-C expressed as a percentage of the
maximum peak
2theta
(°)
ICDD Ti3-Al-C
(04-001-6068)7
21.394 15.5
30.437 1.1
37.507 100
43.583 57.5
49.044 3.8
63.336 27.3
67.676 1.1
75.993 21.6
80.030 7.2
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Table A.28: ICDD reference pattern of V2-C expressed as a percentage of the max-
imum peak
2theta
(°)
ICDD V2-C
(04-077-7210)
35.863 16.2
39.321 20.9
41.078 100
54.266 16.5
64.452 14.1
72.481 11.1
76.015 1.1
78.178 9.3
79.334 7.8
84.582 1.6
89.124 2.3
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Table A.29: ICDD reference pattern of V7-O3 expressed as a percentage of the
maximum peak
2theta
(°)
ICDD V7-O3
(04-007-0520)8
34.684 1.9
39.583 100
39.805 33.9
43.654 96.4
44.549 8.6
47.760 13.1
48.201 1.4
50.692 14.8
50.984 5.2
57.840 5.5
62.797 5.0
63.300 11.6
63.592 11.3
68.921 8.5
69.247 8.3
73.076 1.1
75.279 1.5
77.133 3.1
77.279 7.8
77.402 10.3
77.714 5.4
78.457 1.7
80.679 1.5
82.131 1.9
85.250 4.8
85.477 1.4
85.818 1.8
Table A.30: ICDD reference pattern of V-N expressed as a percentage of the maxi-
mum peak
2theta
(°)
ICDD V-N
(04-008-7244)
37.638 77.2
43.738 100
63.575 44.6
76.296 18.2
80.356 11.4
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Table A.31: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1200 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
42.32619 81.9 44.7
44.82292 6.5 9.5
47.67501 28.9 21.0
49.30105 100 100
62.98524 4.9 10.6
72.38855 65.0 65.0
73.31107 4.8 7.0
87.67596 37.3 30.5
Table A.32: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1250 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
41.29759 16.2 16.7
42.38308 93.4 42.1
44.67266 22.7 23.3
47.21547 86.3 100
47.69373 37.4 28.9
49.33712 100 51.5
62.46232 14.2 29.2
72.35832 30.0 46.3
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Table A.33: Relative peak intensity and relative area of XRD peaks of sample
sintered to 1300 °C, compared to maximum
2theta
(°)
Peak
Intensity
(%)
Area
Intensity
(%)
41.26851 11.2 8.4
12..38338 89.5 67.1
44.58604 15.8 15.8
47.1688 58.5 40.2
47.6711 23.2 23.2
49.34835 100 100
62.3963 10.1 12.6
72.4064 60.9 60.9
72.23608 9.6 14.4
84.10948 11.1 16.6
87.68816 38.3 47.9
A.2 Pore/Strut Sizes
A.2.1 HA
Table A.34: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR using the 45 ppi template, with up to 5 coats, sintered to 1250 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 514
± 36
87.3
± 5.8
488
± 26
93.2
± 3.7
394
± 22
95.6
± 7.1
375
± 15
106
± 4.8
329
± 21
108
± 7.1
5% porogen 299
± 12
49.7
± 4.3
256
± 14
52.0
± 3.0
299
± 14
68.6
± 3.7
298
± 21
71.0
± 2.8
279
± 21
87.4
± 4.0
10% porogen 325
± 15
53.9
± 3.3
281
± 10
59.3
± 3.1
257
± 8
60.3
± 2.6
254
± 13
65.6
± 2.7
241
± 14
68.1
± 3.2
20% porogen 271
± 15
47.5
± 2.5
254
± 13
53.8
± 2.1
249
± 13
57.8
± 2.8
228
± 10
55.3
± 2.6
219
± 14
56.2
± 3.5
25% porogen 330
± 19
52.0
± 2.8
240
± 12
47.1
± 2.7
223
± 11
56.2
± 1.9
230
± 10
58.3
± 2.3
230
± 16
62.3
± 2.1
365
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Table A.35: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR using the 45 ppi template, with up to 5 coats, sintered to 1300 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 400
± 40
73.3
± 5.5
325
± 28
82.3
± 5.6
319
± 28
88.2
± 6.5
331
± 24
86.1
± 8.0
302
± 26
94.6
± 5.0
5% porogen 330
± 21
59.0
± 2.9
282
± 10
60.7
± 1.6
296
± 18
60.4
± 1.8
291
± 25
66.5
± 3.3
260
± 20
68.4
± 3.4
10% porogen 262
± 11
40.6
± 2.2
259
± 18
52.2
± 3.1
258
± 18
54.3
± 2.2
239
± 15
55.2
± 3.5
234
± 15
60.4
± 1.8
20% porogen 247
± 13
49.1
± 2.7
249
± 13
49.4
± 1.5
241
± 12
47.2
± 1.8
227
± 9
49.2
± 2.0
219
± 7
54.9
± 2.6
25% porogen 303
± 13
46.0
± 2.4
278
± 11
53.0
± 3.5
269
± 19
58.5
± 1.3
234
± 12
59.5
± 1.1
229
± 4
66.5
± 1.6
Table A.36: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR using the 45 ppi template, with up to 5 coats, sintered to 1350 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 363
± 21
64.7
± 5.4
348
± 23
80.4
± 4.9
313
± 23
80.0
± 6.6
300
± 26
81.0
± 4.4
267
± 20
89.0
± 8.2
5% porogen 274
± 12
55.9
± 2.7
257
± 12
57.8
± 3.0
251
± 16
63.3
± 5.2
246
± 20
64.2
± 3.4
212
± 15
72.9
± 3.3
10% porogen 269
± 18
51.3
± 3.2
258
± 17
48.7
± 1.4
247
± 11
52.8
± 2.0
243
± 20
60.6
± 3.1
230
± 18
60.6
± 2.2
20% porogen 259
± 9
53.4
± 2.6
252
± 16
56.4
± 3.4
240
± 14
56.3
± 1.8
227
± 11
55.7
± 1.9
223
± 10
55.6
± 0.7
25% porogen 266
± 12
46.3
± 2.3
243
± 7
52.1
± 2.4
235
± 10
45.5
± 2.4
239
± 12
58.5
± 2.7
216
± 12
54.9
± 2.0
366
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Table A.37: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR using the 90 ppi template, with up to 5 coats, sintered to 1250 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 148
± 9
32.4
± 3.0
146
± 4
41.3
± 2.4
140
± 9
44.9
± 2.7
136
± 8
49.7
± 4.2
130
± 10
52.3
± 7.1
5% porogen 156
± 10
41.0
± 1.5
152
± 8
47.1
± 5.7
149
± 11
49.0
± 2.9
149
± 11
49.2
± 5.6
150
± 7
49.9
± 3.8
10% porogen 156
± 5
24.1
± 1.0
153
± 4
30.3
± 1.3
151
± 8
30.6
± 1.9
149
± 8
35.8
± 1.3
142
± 5
35.0
± 2.7
20% porogen 175
± 4
24.6
± 1.1
154
± 8
26.3
± 1.0
148
± 5
28.6
± 1.6
152
± 7
31.7
± 2.1
141
± 5
34.6
± 2.4
25% porogen 161
± 7
23.8
± 1.0
161
± 7
23.6
± 1.2
155
± 7
30.8
± 1.4
156
± 6
28.1
± 1.1
139
± 4
27.9
± 1.3
Table A.38: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR using the 90 ppi template, with up to 5 coats, sintered to 1300 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 119
± 10
37.3
± 2.3
116
± 10
47.1
± 3.2
113
± 10
48.5
± 4.7
110
± 6
50.2
± 2.6
108
± 4
55.4
± 3.2
5% porogen 146
± 9
32.5
± 1.2
145
± 5
47.3
± 2.7
146
± 8
44.8
± 1.1
126
± 4
45.1
± 1.6
125
± 8
44.0
± 1.4
10% porogen 153
± 8
20.6
± 1.9
152
± 5
22.3
± 1.2
146
± 8
29.0
± 2.2
143
± 6
30.1
± 1.5
144
± 6
37.5
± 2.1
20% porogen 137
± 11
18.6
± 1.6
136
± 7
25.0
± 1.6
131
± 5
29.7
± 1.9
127
± 4
35.8
± 1.9
129
± 8
37.5
± 2.0
25% porogen 156
± 4
25.7
± 3.4
146
± 5
23.7
± 1.2
123
± 7
25.9
± 2.2
124
± 3
27.0
± 1.7
117
± 5
28.0
± 1.6
367
APPENDIX A. TABLES OF RAW DATA OF SCAFFOLDS
Table A.39: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR using the 90 ppi template, with up to 5 coats, sintered to 1350 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 135
± 10
29.6
± 1.4
117
± 8
34.6
± 3.3
103
± 6
34.9
± 2.0
102
± 5
43.2
± 3.5
100
± 5
42.7
± 2.7
5% porogen 143
± 8
29.9
± 1.3
142
± 5
26.9
± 2.6
131
± 7
48.5
± 3.1
123
± 5
39.6
± 2.0
120
± 3
37.1
± 2.1
10% porogen 154
± 6
20.6
± 1.1
129
±
24.0
± 1.2
122
± 7
28.7
± 1.0
123
± 7
28.5
± 1.3
114
± 7
35.0
± 1.4
20% porogen 145
± 3
20.3
± 2.5
146
± 6
22.2
± 1.1
132
± 5
25.7
± 2.5
135
± 5
29.2
± 2.7
134
± 5
31.0
± 1.9
25% porogen 135
± 8
20.0
± 0.6
140
± 6
26.2
± 1.7
126
± 4
28.8
± 1.4
133
± 6
28.5
± 1.4
126
± 4
30.2
± 1.6
Table A.40: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR with freeze casting to 10 °C, from both templates, with 1 coat, sintered
to 1350 °C and with camphene loadings of 0, 5, 10, 20 and 25wt.%
Template
(ppi)
Porogen
Content
(%)
Pore size
(μm)
Strut Size
(μm)
45
0 324 ± 14 60.7 ± 2.6
5 253 ± 8 55.6 ± 4.4
10 304 ± 24 55.2 ± 2.2
20 356 ± 17 67.6 ± 3.4
25 311 ± 7 61.2 ± 2.5
90
0 196 ± 5 28.4 ± 1.5
5 96 ± 7 20.7 ± 0.9
10 94 ± 56 20.0 ± 0.7
20 158 ± 10 21.8 ± 1.4
25 149 ± 10 21.6 ± 1.0
368
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Table A.41: Average±σer (n=10) pore and strut sizes (μm) for HA samples produced
using AFR with freeze casting to -20 °C, from both templates, with 1 coat, sintered
to 1350 °C and with camphene loadings of 0, 5, 10, 20 and 25wt.%
Template
(ppi)
Porogen
Content
(%)
Pore size
(μm)
Strut Size
(μm)
45
0 366 ± 31 53.8 ± 2.5
5 344 ± 31 57.6 ± 2.4
10 401 ± 34 56.6 ± 2.6
20 378 ± 43 64.4 ± 3.2
25 396 ± 29 65.8 ± 2.9
90
0 153 ± 9 17.1 ± 1.0
5 143 ± 11 23.5 ± 2.3
10 154 ± 16 21.2 ± 1.4
20 142 ± 9 19.4 ± 1.3
25 139 ± 9 19.9 ± 1.1
A.2.2 Ti
Table A.42: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 45 ppi template, with up to 5 coats, sintered to 1000 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 528
± 45
74.1
± 3.7
431
± 31
80.4
± 2.9
349
± 18
72.0
± 3.7
321
± 15
79.1
± 4.5
322
± 27
79.1
± 5.3
5% porogen 493
± 34
66.8
± 4.7
480
± 19
85.4
± 6.3
378
± 25
76.7
± 4.7
400
± 20
77.5
± 4.9
395
± 35
101
± 5.5
10% porogen 434
± 21
62.3
± 7.0
378
± 28
71.6
± 5.1
364
± 18
77.7
± 7.6
336
± 18
86.5
± 5.6
347
± 18
82.8
± 7.0
20% porogen 397
± 19
71.2
± 4.3
404
± 25
66.2
± 4.4
394
± 37
85.6
± 4.4
370
± 26
83.6
± 6.3
341
± 20
84.8
± 5.1
25% porogen 240
± 12
58.0
± 3.0
296
± 18
62.2
± 5.0
348
± 28
60.8
± 2.3
342
± 27
75.8
± 3.9
285
± 19
99.3
± 4.6
369
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Table A.43: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 45 ppi template, with up to 5 coats, sintered to 1100 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
0% porogen 449
± 34
66.6
± 3.9
393
± 23
83.2
± 3.5
330
± 20
80.4
± 3.0
450
± 23
74.7
± 2.8
439
± 26
87.9
± 5.5
5% porogen 417
± 22
62.7
± 3.5
421
± 20
61.6
± 4.7
400
± 23
74.7
± 2.6
330
± 22
80.0
± 2.8
383
± 32
80.8
± 3.1
10% porogen 396
± 16
47.6
± 3.9
417
± 22
74.0
± 5.2
352
± 23
73.4
± 4.1
319
± 11
77.3
± 5.9
357
± 23
61.8
± 5.1
20% porogen 369
± 29
62.3
± 5.6
378
± 15
63.6
± 4.0
394
± 14
79.4
± 3.9
362
± 14
74.2
± 5.6
349
± 14
76.6
± 4.1
25% porogen 363
± 20
85.9
± 2.3
331
± 15
58.6
± 3.2
293
± 18
60.2
± 2.5
337
± 23
84.4
± 5.6
267
± 15
74.4
± 4.4
Table A.44: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 45 ppi template, with up to 5 coats, sintered to 1200 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 546
± 38
81.7
± 4.4
438
± 29
83.8
± 7.6
422
± 22
85.4
± 5.4
372
± 30
69.2
± 4.0
371
± 12
83.5
± 8.2
5% porogen 442
± 20
34.1
± 3.5
450
± 18
85.5
± 6.2
423
± 16
80.9
± 5.1
414
± 41
96.9
± 6.0
421
± 22
76.6
± 5.4
10% porogen 301
± 22
72.3
± 4.4
357
± 20
49.5
± 1.9
315
± 18
49.5
± 3.7
311
± 11
64.2
± 4.6
303
± 13
65.0
± 4.0
20% porogen 385
± 23
81.7
± 7.0
400
± 16
72.2
± 5.9
382
± 21
73.7
± 4.6
365
± 18
83.6
± 5.9
346
± 20
97.0
± 6.3
25% porogen 316
± 21
84.3
± 1.3
245
± 16
73.7
± 2.2
323
± 21
55.4
± 2.3
349
± 18
64.8
± 4.3
255
± 20
71.9
± 4.0
370
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Table A.45: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples pro-
ducedusing the 45 ppi template, with up to 5 coats, sintered to 1300 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 238
± 11
54.3
± 2.5
419
± 24
72.7
± 2.9
358
± 23
74.4
± 7.0
332
± 20
75.9
± 4.6
347
± 14
79.4
± 2.6
5% porogen 477
± 15
57.3
± 5.2
486
± 15
59.6
± 1.1
443
± 10
60.7
± 1.1
431
± 11
54.9
± 2.6
426
± 14
87.9
± 3.8
10% porogen 418
± 26
63.0
± 4.3
423
± 17
78.4
± 3.8
364
± 25
88.8
± 3.5
350
± 27
70.8
± 5.0
355
± 23
90.4
± 3.5
20% porogen 413
± 22
74.8
± 3.8
430
± 24
70.0
± 6.3
407
± 16
75.1
± 6.1
375
± 20
81.6
± 4.7
356
± 21
99.8
± 4.9
25% porogen 380
± 9
46.7
± 2.2
302
± 13
48.5
± 2.7
294
± 17
57.2
± 7.6
263
± 26
64.7
± 3.0
273
± 6
63.1
± 4.3
Table A.46: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 90 ppi template, with up to 5 coats, sintered to 1000 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 240
± 10
40.2
± 3.7
218
± 13
42.3
± 2.6
205
± 12
40.6
± 2.7
198
± 9
44.3
± 4.1
187
± 9
44.5
± 4.1
5% porogen 204
± 10
52.6
± 4.7
176
± 8
43.2
± 2.7
189
± 8
31.1
± 4.6
216
± 13
46.4
± 4.5
183
± 11
49.0
± 3.9
10% porogen 155
± 8
27.5
± 2.1
180
± 10
31.4
± 2.1
171
± 6
36.1
± 2.5
166
± 8
47.7
± 2.4
123
± 8
38.8
± 4.4
20% porogen 204
± 7
32.2
± 2.3
173
± 7
32.0
± 1.3
168
± 11
38.7
± 3.4
151
± 10
44.8
± 2.1
165
± 11
42.2
± 2.3
25% porogen 165
± 14
27.3
± 3.1
129
± 9
24.8
± 1.9
149
± 11
27.8
± 1.1
140
± 17
40.3
± 3.5
138
± 10
47.4
± 3.2
371
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Table A.47: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 90 ppi template, with up to 5 coats, sintered to 1100 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 172
± 8
32.5
± 1.8
174
± 10
37.1
± 2.1
164
± 6
25.8
± 1.2
169
± 8
37.1
± 3.0
167
± 5
51.0
± 3.3
5% porogen 114
± 7
29.1
± 1.5
161
± 9
38.4
± 3.5
157
± 9
52.8
± 2.3
153
± 5
43.2
± 1.6
141
± 2
44.3
± 2.8
10% porogen 143
± 6
28.3
± 1.6
174
± 7
37.7
± 2.7
151
± 5
34.9
± 2.3
139
± 3
44.5
± 3.7
148
± 6
45.6
± 4.4
20% porogen 188
± 6
31.8
± 1.1
159
± 6
34.0
± 2.5
155
± 7
43.5
± 5.7
158
± 10
41.7
± 3.0
161
± 10
57.4
± 2.6
25% porogen 159
± 10
18.7
± 1.5
146
± 15
25.9
± 1.8
142
± 16
35.2
± 3.7
129
± 13
33.8
± 2.8
121
± 12
64.6
± 4.2
Table A.48: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 90 ppi template, with up to 5 coats, sintered to 1200 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 162
± 9
33.6
± 2.7
170
± 8
46.5
± 4.3
149
± 8
35.9
± 2.3
165
± 11
43.2
± 1.5
155
± 5
40.6
± 3.0
5% porogen 199
± 8
34.8
± 1.7
173
± 13
44.8
± 1.7
177
± 11
39.1
± 2.3
162
± 11
52.5
± 4.5
160
± 8
60.5
± 4.8
10% porogen 153
± 7
32.8
± 3.0
131
± 4
40.2
± 2.7
142
± 11
43.6
± 2.3
137
± 5
46.1
± 3.5
137
± 10
42.4
± 2.6
20% porogen 202
± 10
35.1
± 2.6
163
± 6
36.3
± 2.6
161
± 8
40.4
± 2.9
147
± 9
41.2
± 3.3
152
± 8
52.9
± 3.0
25% porogen 240
± 10
40.2
± 3.7
152
± 12
24.4
± 1.9
131
± 10
25.8
± 1.2
133
± 11
39.6
± 2.9
125
± 13
38.0
± 1.7
372
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Table A.49: Average ±σer (n=10) pore and strut sizes (μm) for Ti samples produced
using the 90 ppi template, with up to 5 coats, sintered to 1300 °C and with camphene
loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
Pore
size
Strut
Size
0% porogen 186
± 7
22.4
± 1.7
184
± 9
37.0
± 1.2
161
± 10
37.1
± 2.1
159
± 10
33.0
± 2.2
158
± 7
35.7
± 1.6
5% porogen 206
± 15
35.3
± 2.3
189
± 15
40.5
± 2.7
172
± 10
49.5
± 3.4
165
± 11
44.7
± 2.5
165
± 14
52.5
± 3.7
10% porogen 168
± 8
31.9
± 7.1
166
± 8
34.3
± 3.6
165
± 8
40.6
± 3.9
142
± 5
35.4
± 2.1
154
± 10
42.3
± 1.7
20% porogen 189
± 12
30.0
± 2.0
163
± 11
38.7
± 3.5
169
± 15
51.9
± 4.2
169
± 8
48.1
± 3.3
161
± 11
52.9
± 4.2
25% porogen 146
± 10
28.1
± 3.1
134
± 13
19.6
± 1.3
133
± 12
25.0
± 1.6
131
± 11
42.5
± 2.8
126
± 10
50.1
± 4.0
A.2.3 Ti-6Al-4V
Table A.50: Average ±σer (n=10) pore and strut sizes (μm) for Ti-6Al-4V scaffolds
produced using the 45 ppi template, with up to 5 coats, sintered to 1200 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 oat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
0% porogen 268
± 11
105
± 8.3
369
± 14
92.2
± 5.7
510
± 23
101
± 5.6
464
± 25
118
± 13
374
± 22
104
± 9.7
5% porogen 387
± 25
73.3
± 8.8
387
± 39
80.7
± 8.7
380
± 25
76.4
± 9.4
343
± 33
95.3
± 13
432
± 29
81.6
± 13
10% porogen 405
± 33
82.5
± 3.8
344
± 12
77.5
± 4.9
283
± 27
68.7
± 4.6
257
± 29
68.7
± 2.9
281
± 15
75.9
± 4.8
20% porogen 312
± 21
46.1
± 4.0
379
± 20
76.8
± 5.0
317
± 17
66.3
± 4.7
300
± 14
75.7
± 5.1
302
± 19
80.6
± 5.4
25% porogen 255
± 16
69.0
± 6.3
357
± 40
80.5
± 7.1
294
± 15
77.7
± 3.9
275
± 20
62.2
± 3.9
320
± 8
75.0
± 2.6
373
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Table A.51: Average ±σer (n=10) pore and strut sizes (μm) for Ti-6Al-4V scaffolds
produced using the 45 ppi template, with up to 5 coats, sintered to 1250 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 oat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
0% porogen 417
± 26
75.3
3.8
274
± 8
65.0
± 2.9
403
± 16
72.1
± 2.9
338
± 12
83.6
± 4.1
357
±23
71.6
± 5.9
5% porogen 275
± 18
71.2
± 8.0
376
± 26
73.7
± 4.6
301
± 14
31.0
± 4.9
316
± 24
71.5
± 3.8
253
± 19
63.0
± 5.2
10% porogen 326
± 24
64.4
± 4.7
281
± 15
73.7
± 6.7
271
± 14
70.3
± 5.2
253
± 15
69.9
± 6.5
290
± 16
77.2
± 6.7
20% porogen 395
± 28
73.8
± 3.7
369
± 21
79.7
± 4.7
317
± 28
77.2
± 4.4
360
± 20
64.9
± 3.4
360
± 13
72.6
± 4.8
25% porogen 214
± 27
53.6
± 4.1
280
± 35
56.1
± 5.3
290
± 24
61.6
± 4.7
225
± 17
62.8
± 3.0
237
± 6
71.1
± 2.2
Table A.52: Average ±σer (n=10) pore and strut sizes (μm) for Ti-6Al-4V scaffolds
produced using the 45 ppi template, with up to 5 coats, sintered to 1300 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 oat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
0% porogen 481
± 30
79.0
± 6.2
461
± 32
93.1
± 7.8
385
± 20
80.7
± 4.1
333
± 11
92.6
± 4.7
277
± 16
90.0
± 5.6
5% porogen 269
± 30
82.5
± 5.1
277
± 19
69.3
± 4.2
376
± 31
67.0
± 7.0
234
± 10
55.0
± 4.9
259
± 30
89.6
± 1.9
10% porogen 381
± 25
59.7
± 4.2
334
± 15
61.6
± 4.9
304
± 17
61.5
± 4.1
299
± 22
68.9
± 4.6
303
± 20
71.7
± 5.5
20% porogen 385
± 29
53.5
± 3.4
291
± 13
74.7
± 4.5
276
± 12
70.4
± 3.8
340
± 12
82.0
± 3.2
266
± 10
77.3
± 3.7
25% porogen 321
± 22
72.0
± 2.4
206
± 20
72.8
± 3.4
278
± 20
76.0
± 4.0
285
± 16
88.5
± 3.8
264
± 13
82.6
± 4.0
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Table A.53: Average ±σer (n=10) pore and strut sizes (μm) for Ti-6Al-4V scaffolds
produced using the 90 ppi template, with up to 5 coats, sintered to 1200 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
0% porogen 299
± 6
73.1
± 3.5
182
± 4
66.1
± 5.3
153
± 8
58.2
± 1.8
147
± 5
67.0
± 2.9
142
± 3
73.0
± 2.9
5% porogen 161
± 10
60.2
± 4.2
169
± 6
55.7
± 3.3
185
± 14
63.5
± 3.9
159
± 11
71.6
± 2.3
152
± 7
72.9
± 3.8
10% porogen 187
± 11
41.8
± 3.5
195
± 16
50.3
± 2.5
159
± 11
50.2
± 7.0
162
± 8
41.1
± 2.6
153
± 13
46.1
± 3.4
20% porogen 139
± 6
26.7
± 2.4
152
± 6
35.0
± 2.3
147
± 7
47.5
± 3.2
164
± 12
43.5
± 3.4
142
± 6
33.9
± 1.5
25% porogen 212
± 12
65.8
± 1.9
152
± 6
46.2
± 2.5
149
± 6
47.7
± 3.7
167
± 6
60.4
± 3.9
169
± 4
66.7
± 3.9
Table A.54: Average ±σer (n=10) pore and strut sizes (μm) for Ti-6Al-4V scaffolds
produced using the 90 ppi template, with up to 5 coats, sintered to 1250 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
0% porogen 141
± 11
41.1
± 1.6
159
± 6
50.5
± 3.0
176
± 18
70.5
± 7.4
174
± 3
48.5
± 3.3
138
± 6
72.4
± 3.0
5% porogen 133
± 8
52.1
± 2.1
151
± 5
41.5
± 2.1
168
± 9
49.3
± 3.8
141
± 10
52.4
± 2.0
144
± 12
68.8
± 3.4
10% porogen 172
± 9
38.9
± 3.2
157
± 6
67.4
± 3.2
157
± 14
62.9
± 4.6
152
± 6
63.2
± 4.2
145
± 8
68.2
± 3.4
20% porogen 139
± 4
35.5
± 1..6
161
± 5
40.3
± 2.3
138
± 3
37.6
± 1.6
165
± 9
45.3
± 4.2
174
± 10
44.2
± 2.8
25% porogen 142
± 3
34.7
± 3.6
176
± 13
41.9
± 6.6
158
± 10
53.2
± 5.1
139
± 7
61.6
± 4.8
140
± 10
53.1
± 2.8
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Table A.55: Average ±σer (n=10) pore and strut sizes (μm) for Ti-6Al-4V scaffolds
produced using the 90 ppi template, with up to 5 coats, sintered to 1300 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
Pore
size
Strut
size
0% porogen 208
± 12
57.7
± 4.4
216
± 9
56.3
± 3.7
187
± 4
47.2
± 6.1
198
± 5
67.8
± 4.9
190
± 12
82.6
± 5.4
5% porogen 111
± 9
31.7
± 4.2
97.5
± 7
19.3
± 1.3
111
± 7
32.5
± 3.6
111
± 4
35.1
± 1.7
125
± 5
52.8
± 3.5
10% porogen 136
± 6
28.6
± 2.6
139
± 3
30.9
± 1.8
139
± 9
46.6
± 3.9
129
± 6
38.6
± 2.6
142
± 10
43.8
± 4.7
20% porogen 154
± 5
52.7
± 1.2
151
± 6
38.1
± 2.4
165
± 7
36.5
± 1.2
165
± 13
49.3
± 3.1
155
± 10
45.2
± 2.8
25% porogen 153
± 8
39.3
± 5.5
146
± 5
38.1
± 5.0
155
± 14
40.6
± 2.6
134
± 6
58.7
± 4.1
131
± 7
72.7
± 4.6
A.3 Porosity
A.3.1 HA
Table A.56: Average ±σer (n=3) porosity (%) for HA samples produced using AFR
using the 45 ppi template, with up to 5 coats, sintered to 1250, 1300 and 1350 °C
and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1250 °C
0% porogen 96 ± 0.2 95 ± 0.3 95 ± 0.2 95 ± 0.3 95 ± 0.6
5% porogen 96 ± 0.3 95 ± 0.2 90 ± 0.4 92 ± 0.2 91 ± 0.4
10% porogen 95 ± 0.3 93 ± 0.5 94 ± 0.3 93 ± 0.2 91 ± 0.1
20% porogen 96 ± 0.6 90 ± 0.4 93 ± 0.2 92 ± 0.2 93 ± 0.4
25% porogen 91 ± 0.2 90 ± 0.5 93 ± 0.1 93 ± 0.4 90 ± 0.2
1300 °C
0% porogen 88 ± 0.2 89 ± 0.1 87 ± 0.1 86 ± 0.2 88 ± 0.3
5% porogen 85 ± 0.3 87 ± 0.5 83 ± 0.5 85 ± 0.5 85 ± 0.3
10% porogen 85 ± 0.5 85 ± 0.6 82 ± 0.5 89 ± 0.1 85 ± 0.4
20% porogen 90 ± 0.1 90 ± 0.4 91 ± 0.1 90 ± 0.4 92 ± 0.1
25% porogen 92 ± 0.1 95 ± 0.2 93 ± 0.2 91 ± 0.2 89 ± 0.1
1350 °C
0% porogen 92 ± 0.3 93 ± 0.4 94 ± 0.3 94 ± 0.1 92 ± 0.4
5% porogen 92 ± 0.1 91 ± 0.6 95 ± 0.5 93 ± 0.1 94 ± 0.2
10% porogen 91 ± 0.1 91 ± 0.4 92 ± 0.1 89 ± 0.5 95 ± 0.2
20% porogen 90 ± 0.1 87 ± 0.1 92 ± 0.4 93 ± 0.1 94 ± 0.1
25% porogen 93 ± 0.2 94 ± 0.1 96 ± 0.3 95 ± 0.1 94 ± 0.4
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Table A.57: Average ±σer (n=3) porosity (%) for HA samples produced using AFR
using the 90 ppi template, with up to 5 coats, sintered to 1250, 1300 and 1350 °C
and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1250 °C
0% porogen 93 ± 0.5 92 ± 0.4 91 ± 0.1 90 ± 0.2 90 ± 0.2
5% porogen 91 ± 0.5 92 ± 0.6 90 ± 0.5 89 ± 0.3 90 ± 0.2
10% porogen 96 ± 0.3 90 ± 0.1 88 ± 0.1 87 ± 0.1 91 ± 0.1
20% porogen 96 ± 0.1 95 ± 0.2 94 ± 0.1 87 ± 0.3 85 ± 0.3
25% porogen 93 ± 0.4 94 ± 0.1 91 ± 0.1 90 ± 0.1 85 ± 0.5
1300 °C
0% porogen 94 ± 0.1 92 ± 0.5 90 ± 0.1 91 ± 0.1 89 ± 0.3
5% porogen 91 ± 0.4 92 ± 0.3 91 ± 0.1 90 ± 0.5 90 ± 0.6
10% porogen 95 ± 0.1 94 ± 0.5 90 ± 0.4 85 ± 0.1 87 ± 0.6
20% porogen 90 ± 0.1 93 ± 0.4 88 ± 0.1 88 ± 0.4 88 ± 0.1
25% porogen 91 ± 0.3 91 ± 0.3 88 ± 0.4 90 ± 0.6 87 ± 0.2
1350 °C
0% porogen 91 ± 0.4 90 ± 0.4 89 ± 0.2 88 ± 0.5 85 ± 0.3
5% porogen 92 ± 0.6 91 ± 0.1 92 ± 0.2 91 ± 0.1 88 ± 0.6
10% porogen 91 ± 0.1 92 ± 0.6 90 ± 0.5 91 ± 0.1 91 ± 0.2
20% porogen 89 ± 0.3 90 ± 0.5 87 ± 0.1 88 ± 0.2 91 ± 0.4
25% porogen 88 ± 0.1 87 ± 0.4 91 ± 0.3 91 ± 0.2 86 ± 0.2
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Table A.58: Average ±σer (n=3) porosity (%) of scaffolds freeze dried during pro-
duction. All scaffolds were coated once with the slurry and sintered to 1350 °C
Template Freezing Temperature Porogen Content Porosity (%)
45 ppi
10 °C
0% 89 ± 0.3
5% 89 ± 0.1
10% 91 ± 0.1
20% 91 ± 0.1
25% 91 ± 0.3
-20 °C
0% 94 ± 0.3
5% 94 ± 0.5
10% 94 ± 0.4
20% 89 ± 0.5
25% 91 ± 0.6
90 ppi
10 °C
0% 93 ± 0.3
5% 88 ± 0.3
10% 87 ± 0.2
20% 91 ± 0.3
25% 92 ± 0.6
-20 °C
0% 93 ± 0.3
5% 93 ± 0.4
10% 94 ± 0.4
20% 88 ± 0.5
25% 91 ± 0.6
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A.3.2 Ti
Table A.59: Average ±σer (n=3) porosity (%) for Ti samples produced using the
45 ppi template, with up to 5 coats, sintered to 1000, 1100, 1200 and 1300 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1000 °C
0% porogen 94 ± 1 93 ± 1 92 ± 0.9 90 ± 1 87 ± 1
5% porogen 92 ± 0.2 92 ± 0.5 94 ± 2 89 ± 0.7 88 ± 2
10% porogen 90 ± 1 91 ± 0.2 93 ± 0.4 86 ± 0.2 86 ± 0.7
20% porogen 91 ± 1 90 ± 0.1 93 ± 1 93 ± 0.3 93 ± 1
25% porogen 87 ± 0.5 91 ± 1 89 ± 2 90 ± 1 85 ± 0.2
1100 °C
0% porogen 91 ± 0.8 90 ± 0.6 90 ± 0.3 88 ± 0.7 88 ± 2
5% porogen 91 ± 1 91 ± 1 87 ± 0.9 89 ± 1 85 ± 0.2
10% porogen 91 ± 1 92 ± 1 92 ± 0.4 87 ± 1 87 ± 0.9
20% porogen 92 ± 1 87 ± 0.2 91 ± 0.6 87 ± 0.5 86 ± 0.4
25% porogen 90 ± 0.9 85 ± 0.7 86 ± 0.8 87 ± 0.8 86 ± 0.8
1200 °C
0% porogen 88 ± 1 92 ± 1 90 ± 0.8 85 ± 1 85 ± 0.1
5% porogen 91 ± 0.8 91 ± 1 86 ± 1 86 ± 0.9 85 ± 0.2
10% porogen 91 ± 0.1 89 ± 0.5 88 ± 0.4 87 ± 0.8 86 ± 1
20% porogen 92 ± 0.5 92 ± 1 92 ± 2 89 ± 0.7 88 ± 0.6
25% porogen 94 ± 2 91 ± 2 90 ± 0.3 90 ± 0.9 87 ± 0.9
1300 °C
0% porogen 91 ± 1 88 ± 1 88 ± 0.1 87 ± 0.3 85 ± 1.5
5% porogen 89 ± 0.9 86± 0.8 86 ± 1 87 ± 0.5 86 ± 0.1
10% porogen 87 ± 0.3 88 ± 1 87 ± 1 86 ± 1 88 ± 2
20% porogen 90 ± 0.5 90 ± 1 88 ± 1 89 ± 0.9 88 ± 0.6
25% porogen 81 ± 0.1 90 ± 0.9 89 ± 1 87 ± 0.1 85 ± 0.3
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Table A.60: Average ±σer (n=3) porosity (%) for Ti samples produced using the
90 ppi template, with up to 5 coats, sintered to 1000, 1100, 1200 and 1300 °C and
with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1000 °C
0% porogen 91 ± 0.4 87 ± 0.8 87 ± 0.2 86 ± 1 90 ± 1
5% porogen 90 ± 0.3 89 ± 0.4 89 ± 0.8 82 ± 0.1 81 ± 0.3
10% porogen 90 ± 1 91 ± 1 88 ± 1 87 ± 1 87 ± 1
20% porogen 90 ± 0.2 93 ± 1 86 ± 0.1 91 ± 1 89 ± 1
25% porogen 90 ± 0.1 91 ± 1 90 ± 0.9 91 ± 0.3 91 ± 0.7
1100 °C
0% porogen 92 ± 0.3 92 ± 0.2 92 ± 2 84 ± 0.3 88 ± 1
5% porogen 89 ± 1 91 ± 0.3 89 ± 1 89 ± 2 89 ± 1
10% porogen 91 ± 0.7 93 ± 1 87 ± 0.3 88 ± 0.2 88 ± 1
20% porogen 89 ± 1 92 ± 0.8 87 ± 2 86 ± 1 87 ± 1
25% porogen 94 ± 0.1 93 ± 1 90 ± 0.9 90 ± 0.1 88 ± 2
1200 °C
0% porogen 90 ± 0.9 90 ± 1 90 ± 0.9 89 ± 0.3 88 ± 1
5% porogen 91 ± 1 89 ± 1 90 ± 2 88 ± 0.8 87 ± 0.2
10% porogen 88 ± 2 91 ± 1 92 ± 0.8 92 ± 1 87 ± 2
20% porogen 91 ± 1 91 ± 1 90 ± 1 87 ± 1 88 ± 1
25% porogen 90 ± 1 90 ± 1 92 ± 0.9 92 ± 2 88 ± 0.2
1300 °C
0% porogen 89 ± 0.8 89 ± 0.5 87 ± 1 86 ± 0.1 87 ± 0.6
5% porogen 91 ± 0.2 91 ± 1 88 ± 0.4 87 ± 0.1 88 ± 0.8
10% porogen 90 ± 1 90 ± 0.9 89 ± 0.2 87 ± 0.3 88 ± 1
20% porogen 90 ± 1 91 ± 1 87 ± 1 87 ± 0.5 85 ± 0.2
25% porogen 91 ± 0.4 90 ± 0.5 89 ± 1 87 ± 1 85 ± 1
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A.3.3 Ti-6Al-4V
Table A.61: Average ±σer (n=3) porosity (%) for Ti-6Al-4V samples produced using
the 45 ppi template, with up to 5 coats, sintered to 1200, 1350 and 1300 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1200 °C
0% porogen 93 ± 1 93 ± 0.4 90 ± 0.6 89 ± 0.5 89 ± 1
5% porogen 88 ± 0.9 88 ± 0.4 87 ± 0.2 87 ± 0.6 87 ± 0.9
10% porogen 87 ± 0.4 87 ± 0.2 87 ± 1 86 ± 1 85 ± 1
20% porogen 90 ± 1 89 ± 1 88 ± 0.5 86 ± 0.1 87 ± 0.9
25% porogen 88 ± 0.7 89 ± 2 87 ± 0.1 88 ± 1 89 ± 0.8
1250 °C
0% porogen 90 ± 0.6 92 ± 1 84 ± 1 80 ± 0.8 78 ± 1
5% porogen 82 ± 1 80 ± 0.1 80 ± 1 79 ± 0.3 79 ± 0.5
10% porogen 84 ± 0.3 84 ± 0.7 84 ± 0.7 82 ± 0.5 83 ± 1
20% porogen 86 ± 0.6 86 ± 0.7 86 ± 1 80 ± 0.5 79 ± 0.8
25% porogen 89 ± 1 87 ± 0.6 86 ± 0.9 85 ± 1 80 ± 1
1300 °C
0% porogen 93 ± 0.9 86 ± 0.7 87 ± 1 89 ± 0.1 86 ± 2
5% porogen 91 ± 0.4 92 ± 1 88 ± 0.6 86 ± 2 86 ± 0.6
10% porogen 87 ± 1 87 ± 0.7 88 ± 0.2 89 ± 1 85 ± 0.3
20% porogen 88 ± 2 88 ± 0.9 88 ± 0.3 88 ± 1 88 ± 0.2
25% porogen 88 ± 0.7 88 ± 1 88 ± 0.6 87 ± 1 84 ± 0.4
Table A.62: Average ±σer (n=3) porosity (%) for Ti-6A;-4V samples produced using
the 90 ppi template, with up to 5 coats, sintered to 1200, 1250 and 1300 °C and with
camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1200 °C
0% porogen 90 ± 0.2 85 ± 0.9 84 ± 0.7 79 ± 1 76 ± 0.6
5% porogen 88 ± 1 89 ± 0.8 81 ± 2 77 ± 0.4 76 ± 0.1
10% porogen 89 ± 0.1 89 ± 0.9 84 ± 2 78 ± 1 79 ± 0.3
20% porogen 91 ± 0.7 92 ± 0.2 87 ± 0.7 82 ± 0.1 78 ± 0.3
25% porogen 87 ± 2 88 ± 0.8 87 ± 1 79 ± 1 78 ± 1
1250 °C
0% porogen 87 ± 0.1 86 ± 1 77 ± 0.5 78 ± 0.4 78 ± 0.2
5% porogen 88 ± 1 87 ± 0.4 80 ± 0.7 80 ± 1 79 ± 1
10% porogen 89 ± 2 88 ± 2 79 ± 0.6 78 ± 0.5 82 ± 0.7
20% porogen 87 ± 1 87 ± 2 82 ± 2 79 ± 2 77 ± 0.6
25% porogen 90 ± 0.6 88 ± 2 86 ± 1 79 ± 1 80 ± 0.1
1300 °C
0% porogen 90 ± 2 90 ± 0.1 83 ± 0.8 78 ± 0.9 75 ± 2
5% porogen 90 ± 0.9 86 ± 0.9 88 ± 0.6 86 ± 2 75 ± 1
10% porogen 91 ± 0.4 92 ± 1 76 ± 0.6 78 ± 2 78 ± 0.6
20% porogen 87 ± 0.7 90 ± 0.6 79 ± 1 78 ± 0.8 74 ± 1
25% porogen 88 ± 2 90 ± 1 89 ± 2 84 ± 0.5 78 ± 1
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A.4 Compressive Strength
A.4.1 HA
Table A.63: Mean ±σer theoretical yield stress (kPa) of HA samples under com-
pression, produced using the 45 ppi template, with up to 5 coats, sintered to 1250,
1300, 1350 °C and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1250 °C
0% porogen 2.7
± 0.6
3.4
± 0.5
4.7
± 0.8
5.0
± 0.6
4.5
± 0.9
5% porogen 2.0
± 0.3
4.1
± 0.7
41
±+6
18
± 4
35
± 8
10% porogen 5.0
± 0.7
11
± 1
5.7
± 0.6
13
± 2
24
± 4
20% porogen 1.7
± 0.3
32
± 6
8.4
± 1.3
14
± 2
10
± 2
25% porogen 17
± 3
63
± 9
7.2
± 1.0
11
± 1
26
± 5
1300 °C
0% porogen 62
± 18
51
± 8
91
± 16
121
± 28
67
± 17
5% porogen 111
± 21
86
± 9
180
± 29
11
± 2
138
± 31
10% porogen 110
± 14
94
± 19
11
± 3
50
± 10
118
± 22
20% porogen 29
± 5
27
± 4
23
± 3
27
± 3
13
± 1
25% porogen 11
± 3
12
± 2
11
± 2
18
± 3
11
± 2
1350 °C
0% porogen 17
± 4
13
± 3
6.8
± 1.8
8.9
± 2
17
± 5
5% porogen 22
± 3
29
± 4
4.5
± 0.9
13
±
13
± 3
10% porogen 28
± 6
22
± 4
15
± 2
42
± 10
11
± 3
20% porogen 30
± 3
70
± 13
15
± 3
11
± 2
15
± 2
25% porogen 9.5
± 1.3
5.5
± 0.5
1.7
± 0.2
3.2
± 0.5
3.7
± 0.7
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Table A.64: Mean ±σer theoretical yield stress (kPa) of HA samples under com-
pression, produced using the 90 ppi template, with up to 5 coats, sintered to 1250,
1300, 1350 °C and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1250 °C
0% porogen 11
± 2
18
± 2
36
± 7
45
± 9
43
± 12
5% porogen 24
± 5
22
± 4
42
± 9
58
± 14
45
± 7
10% porogen 2.9
± 0.2
33
± 3
59
± 10
72
± 11
24
± 3
20% porogen 1.1
± 0.1
4.0
± 0.6
6.0
± 0.6
53
± 8
94
± 11
25% porogen 7.5
± 1.0
5.3
± 0.7
13
± 2
22
± 2
61
± 3
1300 °C
0% porogen 9.6
± 2.3
26
± 7
44
± 12
36
± 6
48
± 6
5% porogen 23
± 4
23
± 3
30
± 4
45
± 4
42
± 7
10% porogen 2.6
± 0.4
5.3
± 0.5
11
± 2
100
± 12
72
± 9
20% porogen 24
± 6
6.5
± 1.1
46
± 6
38
± 4
35
± 7
25% porogen 17
± 3
11
± 3
29
± 5
26
± 3
38
± 5
1350 °C
0% porogen 23
± 5
42
± 10
50
± 8
84
± 14
134
± 22
5% porogen 15
± 2
22
± 3
22
± 4
28
± 3
50
± 4
10% porogen 18
± 2
15
± 2
31
± 5
25
± 4
20
± 4
20% porogen 29
± 4
23
± 3
47
± 7
46
± 7
26
± 3
25% porogen 36
± 6
41
± 5
15
± 2
13
± 2
17
± 2
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Table A.65: Mean ±σer theoretical yield stress (kPa) of scaffolds freeze dried during
production. All scaffolds were coated once with the slurry and sintered to 1350 °C
Template Freezing Temperature Porogen Content Compressive Strength
45 ppi
10 °C
0% 31 ± 4
5% 30 ± 5
10% 16 ± 4
20% 21 ± 3
25% 16 ± 1
-20 °C
0% 6.1 ± 1.5
5% 5.4 ± 1.4
10% 4.3 ± 1.0
20% 30 ± 10
25% 20 ± 4
90 ppi
10 °C
0% 7.8 ± 0.7
5% 22 ± 5
10% 29 ± 5
20% 14 ± 3
25% 10 ± 2
-20 °C
0% 5.1 ± 0.9
5% 4.7 ± 1.2
10% 3.8 ± 1.1
20% 22 ± 4
25% 13 ± 2
384
APPENDIX A. TABLES OF RAW DATA OF SCAFFOLDS
385
APPENDIX A. TABLES OF RAW DATA OF SCAFFOLDS
A.4.2 Ti
Table A.66: Mean ±σer theoretical yield stress (kPa) of Ti samples produced using
the 45 ppi template, with up to 5 coats, sintered to 1000, 1100, 1200 and 1300 °C
and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1000 °C
0% porogen 56
± 14
92
± 19
140
± 22
285
± 41
627
± 156
5% porogen 2.0
± 0.4
2.1
± 0.3
57
± 11
347
± 54
482
± 125
10% porogen 241
± 45
181
± 40
87
± 15
724
± 119
711
± 123
20% porogen 166
± 25
225
± 42
81
± 22
81
± 19
81.7
± 15
25% porogen 427
± 64
147
± 29
270
± 63
212
± 49
789
± 152
1100 °C
0% porogen 189
± 42
275
± 47
284
± 49
455
± 68
471
± 85
5% porogen 186
± 29
277
± 134
570
± 94
362
± 69
896
± 214
10% porogen 171
± 36
127
± 32
129
± 25
567
± 73
535
± 109
20% porogen 114
± 28
491
± 64
169
± 19
504
± 68
636
± 89
25% porogen 218
± 34
678
± 95
547
± 98
478
± 98
577
± 98
1200 °C
0% porogen 450
± 92
138
± 30
273
± 44
906
± 215
942
± 132
5% porogen 183
± 26
191
± 27
716
± 92
744
± 216
874
± 144
10% porogen 187
± 40
314
± 51
409
± 74
544
± 69
430
± 60
20% porogen 120
± 23
117
± 17
117
± 20
314
± 50
428
± 76
25% porogen 47
± 10
153
± 29
198
± 37
205
± 33
457
± 105
1300 °C
0% porogen 160
± 23
397
± 66
401
± 84
515
± 94
796
± 98
5% porogen 294
± 39
608
± 58
608
± 41
481
± 42
644
± 67
10% porogen 481
± 91
391
± 49
514
± 102
611
± 142
407
± 77
20% porogen 218
± 35
158
± 29
480
± 68
487
± 79
793
± 138
25% porogen 136
± 11
193
± 26
263
± 59
431
± 126
677
± 66
386
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Table A.67: Mean ±σer theoretical yield stress (kPa) of Ti samples produced using
the 90 ppi template, with up to 5 coats, sintered to 1000, 1100, 1200 and 1300 °C
and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1000 °C
0% porogen 191
± 18
591
± 107
592
± 106
759
± 124
280
± 53
5% porogen 269
± 45
348
± 48
323
± 41
1503
± 302
1834
± 340
10% porogen 217
± 35
163
± 30
395
± 49
544
± 77
530
± 122
20% porogen 193
± 24
65
± 8
536
± 112
148
± 27
266
± 52
25% porogen 155
± 42
102
± 22
150
± 32
118
± 43
126
± 27
1100 °C
0% porogen 136
± 19
140
± 23
134
± 16
1088
± 178
522
± 55
5% porogen 335
± 61
188
± 35
383
± 64
357
± 36
368
± 30
10% porogen 159
± 22
79
± 11
501
± 55
429
± 46
429
± 69
20% porogen 253
± 24
96.4
± 13
442
± 88
544
± 102
492
± 85
25% porogen 32
± 6
51
± 15
1557
± 54
150
± 45
371
± 108
1200 °C
0% porogen 271
± 48
291
± 47
280
± 48
382
± 73
495
± 61
5% porogen 179
± 23
353
± 76
255
± 48
493
± 106
671
± 113
10% porogen 389
± 65
176
± 19
126
± 28
130
± 17
537
± 117
20% porogen 142
± 22
255
± 33
197
± 31
433
± 84
375
± 62
25% porogen 180
± 28
148
± 36
72
± 16
82
± 20
268
± 80
1300 °C
0% porogen 251
± 34
269
± 37
441
± 79
537
± 98
437
± 58
5% porogen 143
± 31
145
± 34
364
± 63
448
± 88
373
± 94
10% porogen 181
± 53
183
± 32
254
± 42
397
± 43
331
± 60
20% porogen 172
± 33
128
± 28
424
± 114
412
± 60
655
± 138
25% porogen 109
± 25
137
± 39
188
± 50
359
± 90
596
± 145
387
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A.4.3 Ti-6Al-4V
Table A.68: Mean ±σer theoretical yield stress (kPa) for Ti-6Al-4V samples pro-
duced using the 45 ppi template, with up to 5 coats, sintered to 1200, 1350 and
1300 °C and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1200 °C
0% porogen 278
± 39
238
± 30
659
± 92
932
± 182
956
± 188
5% porogen 1090
± 249
1113
± 348
1401
± 326
1523
± 484
1393
± 371
10% porogen 1349
± 316
1358
± 161
1359
± 382
1725
± 560
2147
± 357
20% porogen 514
± 110
1230
± 204
943
± 160
1551
± 232
1943
± 373
25% porogen 859
± 176
695
± 234
1133
± 173
837
± 183
680
± 56
1250 °C
0% porogen 647
± 119
349
± 34
2646
± 341
5541
± 988
7025
± 1450
5% porogen 3890
± 877
5066
± 1050
5040
± 802
5998
± 1327
6072
± 1040
10% porogen 2452
± 546
2585
± 468
2564
± 427
3695
± 726
3126
± 576
20% porogen 1523
± 315
1551
± 267
1540
± 343
4391
± 722
5134
± 640
25% porogen 608
± 226
1044
± 390
1333
± 332
1621
± 355
1625
± 154
1300 °C
0% porogen 219
± 43
3355
± 1953
1462
± 228
952
± 101
2553
± 456
5% porogen 514
± 166
338
± 69
1097
± 389
1790
± 278
2027
± 633
10% porogen 1284
± 258
1299
± 200
1031
± 178
817
± 180
2088
± 425
20% porogen 915
± 206
975
± 138
963
± 129
988
± 109
993
± 111
25% porogen 874
± 171
881
± 246
885
± 135
1185
± 196
2164
± 318
388
APPENDIX A. TABLES OF RAW DATA OF SCAFFOLDS
Table A.69: Mean ±σer theoretical yield stress (kPa) for Ti-6A;-4V samples pro-
duced using the 90 ppi template, with up to 5 coats, sintered to 1200, 1250 and
1300 °C and with camphene loadings of 0, 5, 10, 20 and 25wt.%
1 coat 2 coat 3 coat 4 coat 5 coat
1200 °C
0% porogen 688
± 35
2663
± 280
3297
± 501
8298
± 927
13557
± 1075
5% porogen 1272
± 244
927
± 106
4919
± 1112
7596
± 1494
11797
± 1613
10% porogen 787
± 145
794
± 189
2537
± 649
6121
± 977
5577
± 1415
20% porogen 309
± 51
234
± 32
1105
± 159
2848
± 637
4784
± 574
25% porogen 1070
± 176
721
± 88
2893
± 405
6502
± 852
5262
± 494
1250 °C
0% porogen 1578
± 352
3647
± 433
10281
± 3259
7552
± 664
7784
± 1146
5% porogen 1275
± 231
1415
± 151
5339
± 923
5801
± 1184
7878
± 1908
10% porogen 751
± 130
971
± 142
6407
± 1699
7438
± 1028
4379
± 685
20% porogen 997
± 93
1047
± 122
2690
± 224
4579
± 839
5978
± 1050
25% porogen 377
± 49
719
± 202
1220
± 745
4467
± 745
3539
± 743
1300 °C
0% porogen 711
± 131
698
± 94
3389
± 531
8189
± 840
13707
± 2673
5% porogen 630
± 169
1537
± 349
1097
± 244
1790
± 214
10889
± 1561
10% porogen 386
± 65
276
± 26
8517
± 1752
6144
± 960
6366
± 1443
20% porogen 949
± 104
467
± 64
4315
± 564
5423
± 1257
8672
± 1645
25% porogen 809
± 142
390
± 71
535
± 143
1920
± 286
5975
± 1024
389
